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ABSTRACT 
I n e f f i c i e n t  i g n i t i o n  and combustion of metallic 
addi t ives  i n  s o l i d  propel lan t  rocket motors has st imulated 
i n t e r e s t  i n  t he  fundamental processes involved i n  the  igni-  
t i o n  of metals. 
process i s  presented, compared with o the r  t heo r i e s  of igni-  
t i o n  i n  view of l i t e r a t u r e  s tud ie s  of metal i gn i t i on ,  and 
f i n a l l y  t e s t e d  by d e t a i l e d  experimentation i n  an induction 
furnace f a c i l i t y ,  
A physical  model of t h i s  heterogeneous 
Three temperatures form t h e  basis of the  model 
f o r  any metal-oxidizing gas system. 
taneous i g n i t i o n  temperature, which is  c a l l e d  the  c r i t i c a l  
temperature, the second i s  the i g n i t i o n  temperature, a t  
which immediate inflammation of the m e t a l l i c  f u e l  occurs,  
and the l a s t  is the t r a n s i t i o n  temperature, which is  in- 
voked due t o  a problem unique t o  metal i gn i t i on ,  
reac t ing  metal-gas systems form solid-phase products on 
the reac t ion  surface a t  low temperatures, t he  chemical 
reac t ion  can be inh ib i t ed  by the product f i lm thus formed. 
The t r a n s i t i o n  temperature i s  t h a t  temperature a t  and 
above which t h i s  product l a y e r  becomes non-protective i n  
the  sense t h a t  a reac t ion  r a t e  independent of t i m e  de- 
scribes the  behavior of t he  system a t  constant  temperature. 
t u r e ,  a t  w h i c h  a flame appears, w i l l  exceed both the  c r i t i -  
cal  temperature, a t  and above which sample self-heat ing 
is  possible ,  and the  t r a n s i t i o n  temperature, which re- 
flects the  p ro tec t ive  a b i l i t y  of the  product film. 
thermore, t he  minimum poss ib l e  i g n i t i o n  temperature of 
any metal-oxidizer system i s  the t r a n s i t i o n  temperature 
appropriate  t o  the  p a r t i c u l a r  product f i l m .  
t r a n s i t i o n  temperature i s  r e l a t i v e l y  independent of en- 
The f i r s t  i s  a spon- 
Because 
The model pos tu l a t e s  t h a t  the  i g n i t i o n  tempera- 
Fur- 
Because the  
(iii) 
vironmental conditions ( in  p a r t i c u l a r  the  heat losses  from 
the  s o l i d  me ta l l i c  f u e l ) ,  and because t h i s  temperature can 
be estimated from the metal oxidation l i t e r a t u r e  i n  many 
cases  of i n t e r e s t ,  it then is  an important and useful  design 
c r i t e r i o n  for  e f f i c i e n t  i g n i t i o n  of  metals, because only i f  
the  t r a n s i t i o n  temperature is  exceeded can i g n i t i o n  and com- 
bustion occur. 
Both experimental r e s u l t s  on m e t a l  i g n i t i o n  ava i l -  
able  i n  the l i t e r a t u r e  and of the  present  inves t iga t ion  in-  
d i ca t e  t h a t  the present  model i s  much more general  than o ther  
theor ies  of metal i g n i t i o n  and is  able t o  c o r r e l a t e  i g n i t i o n  
da ta  i n  a completely se l f -cons is ten t  manner. In  p a r t i c u l a r ,  
the present  r e s u l t s  obtained with Mg and Ca i n  various oxi- 
dizing gases demonstrate the exis tence of  the c r i t i c a l  and 
i g n i t i o n  temperature s and the behavior of  these temperatures 
with respec t  t o  va r i a t ions  i n  the independent experimental 
parameters. For example, for  Mg i n  O2 a t  300 t o r r ,  as the 
metal surface area t o  volume r a t i o  i s  increases  from 10- 
t o  10' mm-l, the i g n i t i o n  temperature decreases from about 
650OC t o  45OoC; t h i s  l a t t e r  value is  comparable t o  the t ran-  
s i t i o n  temperature, a s  the model pred ic t s .  The observed 
non-unique nature  of the c r i t i c a l  and i g n i t i o n  temperatures 
re inforces  the importance of the t r a n s i t i o n  temperature. 
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CHAPTER I - INTRODUCTION 
I n  recent  years  t h e  chemistry o f  high-temper- 
a tu re  metal-gas reac t ions  has become of g rea t e r  importance 
i n  aerospace research, A t  elevated temperatures metals 
undergo oxidation, i gn i t i on ,  and combustion react ions,  
and t h e  chemical p rope r t i e s  of metals i n  the presence 
of h o t  gases are of tantamount importance i n  various 
areas of modern aerospace a c t i v i t y .  
I n t e r e s t  i n  high-temperature metallurgy stems 
from appl ica t ion  involving metallic s t r u c t u r e s  a t  ele- 
vated temperatures, appl ica t ions  such as re-entry ve- 
h i c l e s  and nuclear rockets .  I n  this and similar uses,  
ca tas t rophic  oxidation, or combustion, of s t r u c t u r a l  
m e m b e r s  is  obviously unwanted, 
I n  the  second major appl icat ion,  combustion 
is  desired.  Because of t h e i r  c h a r a c t e r i s t i c a l l y  high 
h e a t  release per  u n i t  m a s s  upon combustion, t h e  l i g h t  
metals, p a r t i c u l a r l y  Mg, A l ,  and B e ,  have come i n t o  use 
as  add i t ives  t o  s o l i d  propel lan t  rocke t  systems, and 
much of t h e  fu tu re  of chemical propulsion depends upon 
the proper u t i l i z a t i o n  of  the m e t a l l i c  elements. Un- 
for tunately,  i n  s o l i d  propel lan ts  i n a b i l i t y  t o  a t t a i n  
t h e o r e t i c a l  performance i s  encountered. Three reasons 
have been offered for t h i s  ineff ic iency:  f i r s t l y ,  in-  
e f f i c i e n t  i g n i t i o n  of t h e  m e t a l  p a r t i c l e s ,  due t o  high 
i g n i t i o n  temperatures; secondly, i n e f f i c i e n t  combustion, 
because of slow surface-burning processes r a t h e r  than 
the des i red  rapid vapor-phase combustion, possibly a 
r e s u l t  of lack of i gn i t i on ;  and l a s t l y ,  two-phase flow 
losses i n  t h e  expansion nozzle due t o  the  presence of 
s m a l l  p a r t i c l e s  of m e t a l  oxide smoke r e s u l t i n g  f r o m  t h e  
combustion process.  It is  t h e  first two of  these  pos- 
s ible  causes which i s  t h e  sub jec t  o f  t h i s  study. 
I n  19598 Glassman published four observations 
on m e t a l  i g n i t i o n  and m e t a l  combustion, which w e r e  based 
on simple physical  reasoning (1, 2) :  1 
This statement 
cases the  h e a t  
The bo i l ing  po in t  of t h e  metal oxides 
l i m i t s  the  flame temperature o f  the  
metals. 
i s  based on t h e  observation t h a t  i n  most 
ava i l ab le  f r o m  a metal-oxygen reac t ion  is  
less than t h e  h e a t  of vaporizat ion o r  d i s soc ia t ion  of t he  
appropriate metal oxide formed during the react ion.  
(2) I f  t he  boi l ing  po in t  of t he  m e t a l  oxide 
i s  g rea t e r  than t h a t  of t h e  m e t a l ,  then 
"steady-state" combustion takes  p lace  i n  
t h e  vapor phase; t h e  cont ra  condition, t h e  
metal temperature g rea t e r  than t h e  oxide 
temperature, p r e d i c t s  a surface combustion 
process.  
Since the temperature of t h e  m e t a l  p a r t i c l e  i s  l imi ted  t o  
i t s  boi l ing  point ,  f o r  the  vapor-phase d i f fus ion  flame i n  
which h e a t  t r a n s f e r  from the  reac t ion  zone t o  t h e  p a r t i c l e  
i s  necessary, t h e  boi l ing  po in t  of t he  m e t a l  oxide ( tha t  
is, the  flame temperature) must be g rea t e r  than the  boi l -  
ing po in t  of the  m e t a l .  
I n  a l a t e r  paper ( 3 ) ,  it was pointed out  t h a t  
this condi t ion f o r  vapor-phase canbustion w a s  necessary 
but  no t  s u f f i c i e n t ,  as h e a t  losses from the  reac t ion  zone 
could l o w e r  i t s  temperature b e l o w  the  bo i l ing  po in t  of 
t he  oxide, or even b e l o w  t h a t  of t h e  m e t a l ,  thus  e s t ab l i sh -  
ing a surface-burning configuration. 
( 3 )  Radiation plays an important p a r t  i n  m e t a l  
combustion. 
Statement ( 3 )  r e s u l t s  f r o m  a considerat ion of t h e  high 
N u m b e r s  i n  parentheses refer t o  references l i s t e d  a t  t he  
end of t h i s  report. 
number dens i ty  of condensed phase p a r t i c l e s  of m e t a l  
oxide smoke formed i n  t h e  flame zone during the  com-  
bust ion reac t ion  and the high boi l ing  po in t s  of the 
oxides. 
Ign i t i on  phenomena could be e n t i r e l y  
d i c f e r e n t  from t h e  con t ro l l i ng  steady 
combustion phenomena. 
(4) 
This statement r e f l e c t s  t h e  f a c t  that  i g n i t i o n  can be 
t h e  t r a n s i t i o n  from sur face  oxidation, during t h e  pre- 
i g n i t i o n  react ion,  t o  vapor-phase combustion. 
The simple thermodynamic c r i t e r i o n  f o r  vapor- 
phase combustion i n  02, statement, (2), was used t o  p red ic t  
t h a t  Al, Mg, L i ,  N a ,  K, Ca ,  and Be  would burn i n  t h e  
vapor-phase, and tha t  B, S i ,  T i ,  and Z r  would burn 
on the surface (1). More recent  thermodynamic da ta ,  
shown i n  Table 1 and taken from Ref. (4) - (6), pre- 
d i c t  t h a t  L i ,  Be,  Mg, A l ,  S i ( ? ) ,  Ca ,  C r ,  Rb, Sr, y, 
Z r ,  Sb, Ba, La, Ce,  B i ,  and Th w i l l  burn i n  the vapor 
phase, under t h e  assumption t h a t  t he  h e a t  of vapor- 
i z a t i o n  o r  d i s soc ia t ion  of t h e  oxide is  g rea t e r  than 
the available h e a t  of  react ion.  
Brzustowski (7, 8 )  developed a burning ra te  
theory f o r  metals based on t h e  classical hydrocarbon 
d i f fus ion  flame theory but  modified t o  include t h e  
c h a r a c t e r i s t i c s  pecu l i a r  t o  m e t a l  combustion. 
performed an extensive experimental inves t iga t ion  of 
the combustion of  magnesium ribbons and anodized and 
2 
unanodized aluminum w i r e s  i n  0 -Ar mixtures (7, 9) . 
H e  found regions of vapor-phase burning f o r  both of  
these m e t a l s ,  as w e l l  as agreement with t rends  predicted 
H e  a l s o  
2 
by the m e t a l  d i f fus ion  flame burning ra te  theory. 
2Because of space l imi t a t ions ,on ly  a f e w  d e t a i l s  o f  
t h e  m e t a l  combustion l i t e r a t u r e  w i l l  be given here .  
Three surveys of t h i s  l i t e r a t u r e  are ava i lab le  (7810,11).  
Most of t h e  more recent  work not  included i n  these  sur-  
veys may be found i n  R e f .  (12)-(14).  The m e t a l  i g n i t i o n  
l i t e r a t u r e  w i l l  be reviewed i n  d e t a i l  i n  Chapter I V ,  
There 
TABLE 1. 
METAL ANI) OXIDE BOILING POINTS AT ONE ATMOSPKERE FOR THOSE 
METALS WHICH CAN BURN I N  THE VAPOR PHASE 
Atomic 
Number 
3 
4 
12 
13 
14 
20 
24 
37 
38 
39 
40 
51 
56 
57 
58 
83 
90 
Metal 
L i  
B e  
M e  
A I  
S i  
Ca 
C r  
Rb 
S r  
Y 
Z r  
Sb 
Ba 
La 
C e  
B i  
Th 
Predominant 
Metal 
Oxide 
A1203 
S io2 
CaO 
Cr203 
Rb202 
SrO 
'2'3 
Zr02 
Sb205 
BaO 
La203 
CeOZ 
B i203 
Tho2 
0 Boiling Points ,  C 
Metal 
1365 (4)' 
2484 (4) 
1105 (4) 
2463 (4) 
3167 ( 4 )  
1240(5) 
2480(5) 
700(5) 
1366 (5) 
1427 (5) 
4474 (4) 
1380(5) 
1527 (5) 
3470(5) 
2417 (5) 
1470(5) 
4230 (5) 
Oxide 
2563 ( 4 )  
37 87 (4) 
3600(5) 
2980 (5) 
3273(4) 
2850(5) 
4000(5) 
lOlO(5) 
3000 (5) 
4300(6) 
5000(5) 
1550(5) 
2000(5) 
4200(5) 
2700(6) 
Sec omp o s e s 
1890(6) 
4400(5) 
1 Numbers i n  parentheses r e f e r  t o  references l i s t e d  a t  the  end of the  
repQrt. 
w a s  s u b s t a n t i a l l y  no d i f fe rence  between the i g n i t i o n  
and combustion of the two types of A 1  w i r e  i n  02. 
ence between t h e  i g n i t i o n  temperature of aluminurn i n  O2 
and t h e  melting poin t  of aluminum oxide (7, 9 ) .  It had 
been predicted previously t h a t  t h e  surface temperature 
of an aluminum p a r t i c l e  must exceed t h i s  temperature i n  
order t o  avoid s l o w  heterogeneous reac t ions  and r a t h e r  t o  
burn i n  t h e  vapor phase ( 3 ) .  Experimental work by Friedman 
and Macek led  these  inves t iga tors  t o  t h e  same conclusions 
(15, 16), and more recent  work by Kuehl (17, 18) has de- 
monstrated t h a t  t h e  i g n i t i o n  temperature of A1 i n  O2 is  
general ly  equal t o  the  melting po in t  of A1203. 
I n  an extension of Brzustowski’s experimental 
inves t iga t ion ,  Mellor s tudied the  i g n i t i o n  and combustion 
of aluminum and magnesium i n  02-C02 and C02-Ar mixtures 
(19, 2 0 ) .  The i g n i t i o n  and combustion of unanodized and 
anodized A1 w i r e s  i n  02-C02 mixtures w a s  found t o  d i f f e r  
l i t t l e  from t h a t  i n  02-Ar mixtures, except f o r  t h e  presence 
of  C i n  the products of combustion. However, Mg ribbons 
could not  be ign i t ed  i n  02-C02 mixtures except a t  high O2 
p a r t i a l  pressures ,  i n  con t r a s t  t o  Brzustowski’s ear l ier  
r e s u l t s  i n  0 -Ar atmospheres. One poss ib le  explanation of 
t h i s  e f f e c t  of C02 w a s  t h a t  t he  outflow of Mg vapor required 
f o r  the c h a r a c t e r i s t i c  gas-phase i g n i t i o n  of Mg i n  O2 w a s  
unhibited by an oxide-carbide f i lm which formed during 
the  pre- igni t ion  reac t ions  i n  02-C02 mixtures (20).  Mg 
ribbons could no t  be ign i ted  i n  C02-Ar mixtures.  These 
observations ind ica t e  t h a t  the i g n i t i o n  temperature of  
Mg i n  C02-Ar mixtures and i n  low O2 p a r t i a l  pressure 
02-C02 mixtures is  above the  melting po in t  of t h e  metal 
whereas i n  02-Ar  mixtures o r  i n  pure O2 it is  a t  o r  below 
I n  p a r t i c u l a r ,  Brzustowski found a correspond- 
2 
3 t h e  m e t a l  melting point .  
i n  C02-Ar mixtures,  the anodized w i r e s ,  on which a th i ck  
oxide f i l m  w a s  p resent  a t  t he  s ta r t  of an experiment, w e r e  
e a s i l y  ign i t ed  i n  t h i s  gas  mixture. I n  fact, the power 
required t o  i g n i t e  these  w i r e s  (using r e s i s t ance  hea t ing)  
w a s  less than t h a t  required a t  s i m i l a r  pressures  i n  02-C02 
mixtures (19, 20). Furthermore, whereas i g n i t i o n  occurred 
when t h e  w i r e  broke i n  oxygen-containing atmospheres, a t  
t h e  lower \pressures  i n  C02-Ar mixtures a c y l i n d r i c a l  vapor- 
phase i g n i t i o n  flame w a s  observed over t h e  sur face  of  t he  
w i r e  before i ts  breaking. The appearance of  t h i s  flame 
w a s  a t t r i b u t e d  t o  the porous na ture  of t h e  anodized coating 
present  upon the w i r e s .  It w a s  argued t h a t  i n  oxygen-con- 
t a in ing  atmospheres and i n  C02-Ar mixtures a t  t h e  higher 
pressures  invest igated these pores w e r e  f i l l e d  during the  
pre- igni t ion oxidat ion reac t ions .  
Although unanodized A 1  w i r e s  could no t  be ign i t ed  
4 
In  a la ter  paper ( 2 1 ) ,  these  experimental 
observations of t h e  i g n i t i o n  of Mg ribbons and anodized 
and unanodized A1 w i r e s  w e r e  cor re la ted  t o  present  a 
physical  model of m e t a l  i gn i t i on .  Fig. 4 of R e f .  (21) 
i s  presented here  as Fig. 1 for convenience. The ap- 
pearance of a vapor-phase flame before the w i r e  o r  r ib-  
bon broke w a s  co r re l a t ed  with the  formation of a porous 
non-protective product f i l m  on t h e  sur face  of t h e  metal  
during the pre- igni t ion reac t ions  i n  t h e  p a r t i c u l a r  ox- 
i d i z ing  atmosphere. 5 
Upon examination of t h e  m e t a l  oxidat ion l i ter-  
% 
J In t he  experimental apparatus used i n  these  inves t iga t ions ,  
it is  necessary t h a t  t h e  m e t a l  w i r e s  or  ribbons support  
themselves i n  order  t o  maintain ohmic hea t ing .  See 
Chapter v . 
‘Kuehl (17) has observed a s imi l a r  mode of  i g n i t i o n  i n  02-Ar 
mixtures and has  offered a somewhat d i f f e r e n t  explanation 
which w i l l  be discussed i n  d e t a i l  i n  Chapter V I  and Appendix 11. 
5 
vf/vm i n  Fig. 1 is the  P i l l i n g  and Bedworth r a t i o ,  the 
a ture ,  it w a s  found tha t  i n  general  a l l  m e t a l s  a t  l o w  
temperatures form p ro tec t ive  oxide f i l m s ,  as indicated 
by the nature  of t h e i r  low-temperature oxidation ra te  
l a w s ,  and a t  high temperatures these  oxide f i l m s  become 
non-protective. The temperature which d is t inguishes  
these two regimes w a s  defined as the  t r a n s i t i o n  temper- 
a t u r e  (21). It w a s  alsa argued t h a t  metal-oxidizer sys- 
t e m s  would exh ib i t  a spontaneous i g n i t i o n  temperature, 
a t  which t h e  rate of hea t  generation by t h e  chemical re- 
ac t ion  j u s t  exceeds the  rate of hea t  loss from t h e  system, 
as  i n  homogeneous and o ther  heterogeneous systems described 
by t h e  classical s t a t iona ry  thermal i g n i t i o n  theory (see 
f o r  example Ref. (23) ) .  This spontaneous i g n i t i o n  t e m -  
pera ture  w a s  renamed t h e  c r i t i ca l  temperature ( 2 1 ) .  
then formulated simply: the i g n i t i o n  temperature ob- 
served f o r  a p a r t i c u l a r  metal-oxidizer system w i l l  be 
The physical  c r i t e r i o n  f o r  m e t a l  i g n i t i o n  w a s  
g rea t e r  than both the t r a n s i t i o n  and c r i t i ca l  tempera- 
t u r e s  for t h a t  p a r t i c u l a r  system (21) .  Estimations of 
these  two l a t t e r  temperatures w e r e  made f r o m  the metal 
oxidat ion and m e t a l  i g n i t i o n  l i t e r a t u r e  f o r  t h e  A1-02, 
Mg-02, Mg-C02, Ca-02 ,  and Mo-O2 systems, and w e r e  then 
compared with t h e  i g n i t i o n  temperatures observed by 
o ther  inves t iga tors .  I n  a l l  cases, t h e  m e t a l  i g n i t i o n  
c r i t e r i o n  w a s  obeyed and i n  some cases apparent con- 
t rove r s i e s  w e r e  el iminated (21) .  
It is the  development and refinement o f  t h i s  
i g n i t i o n  c r i t e r i o n  which forms the  sub jec t  m a t t e r  of  t h e  
present  repor t ;  c r i t i c a l  experimentation which has been 
5volume of (oxide) f i lm  formed divided by the  volume of metal re- 
quired t o  form it ( 2 2 ) .  Values of t h e  r a t i o  less than 
one ind ica t e  a non-protective product f i l m ,  g r ea t e r  than 
one a p ro tec t ive  f i lm,  and much g rea t e r  than one again a 
non-protective f i l m  due t o  mechanical stresses s e t  up 
by i ts  formation. 
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performed a t  Princeton t o  t e s t  the c r i t e r i o n  is  described. 
i c a l  t heo r i e s  of thermal ign i t i on ,  the  c l a s s i c a l  s t a t iona ry  
thermal i g n i t i o n  theory i s  applied t o  t h e  case of hetero- 
geneous systems forming gas-phase reac t ion  products ( t h a t  
i s ,  hydrocarbon drople t s ,  sol id-propel lant  fue l  slabs, and 
so f o r t h ) .  I n  the  next sec t ion  of the  chapter the  poss ib i l -  
i t y  of formation of solid-phase products on the  reac t ion  
surface is allowed, and the  t r a n s i t i o n  temperature is in t ro -  
duced. An extension of the  s ta t ionary  theory i s  then given 
t o  show t h a t  the general  f ea tu re s  of t he  m e t a l  i g n i t i o n  model 
do not  change when a t i m e  dependence i s  considered. 
Section 4 of Chapter I1 is a discussion of metal 
pyrophoricity,  tha t  i s ,  the  property of small metal p a r t i c l e s  
t o  self-heat and i g n i t e  when exposed t o  a i r  a t  room tempera- 
t u r e .  The f i n a l  s ec t ion  of Chapter I1 i s  a considerat ion of 
augmented m e t a l  i g n i t i o n  e f f i c i ency  based on concepts genera- 
ted by the  model of m e t a l  i gn i t i on .  
L i t e r a t u r e  values of t r a n s i t i o n  and c r i t i c a l  
temperatures are given i n  Appendices I and I1 and are anal- 
yzed i n  view of i g n i t i o n  temperatures observed by o ther  
inves t iga tors .  These da ta  are summarized i n  Chapters I11 
I n  Chapter 11, a f t e r  a brief review of class- 
and I V ,  
The experimental apparatus used i n  the  present  
inves t iga t ion  i s  described i n  Chapter V, and r e s u l t s  ob- 
ta ined on the i g n i t i o n  of Mg, Al, and Ca are discussed i n  
view of the m e t a l  i g n i t i o n  c r i t e r i o n  i n  the  following two 
chapters ( V I  and V I I ) .  
t a l  v e r i f i c a t i o n  by the present  i nves t iga t ion  of  the m e t a l  
i g n i t i o n  c r i t e r i o n  developed i n  Chapter 11. 
The f i n a l  chapter i s  a review of the  experimen- 
CHAPTER 11 - THE PHYSICAL MODEL O F  METAL I G N I T I O N  
Because of the p o s s i b i l i t y  of  t h e  formation of 
solid-phase products of metal-oxidizer pre- igni t ion reac- 
t i o n s  on the reac t ing  surface,  m e t a  gn i t i on  can be much 
more complicated than t h e  i g n i t i o n  of o ther  heterogeneous 
fuel-oxidizer systems. A t  low temperatures t h i s  product 
f i l m  is  general ly  p ro tec t ive  i n  the  sense that  it i n h i b i t s  
t h e  r eac t ion  i n  time, and thus i g n i t i o n  (immediate temper- 
a tu re  runaway on the  reac t ing  surface ending i n  s teady-state ,  
self-sustained combustion) i s  impossible t o  achieve. 
Before discussing a general  metal-oxidizer system, 
a review of t h e  classical thermal theo r i e s  of  homogeneous 
i g n i t i o n  and a treatment of t h e  simple heterogeneous sys- 
t e m  i n  which no solid-phase product forms on t h e  reac t ing  
surface w i l l  be given. This l a t t e r  treatment w i l l  then 
be extended t o  t h e  area of metal-gas reac t ions ;  f i n a l l y ,  
t h e  b a s i s  of metal  pyrophoricity and augmented i g n i t i o n  
e f f ic iency  which r e s u l t s  from t h e  i g n i t i o n  model w i l l  be 
discussed, 
1. Classical Thermal  Theories of  Homoqeneous Iqn i t ion  
Although many authors have contributed t o  the  
thermal theo r i e s  of  homogeneous ign i t i on ,  probably the m o s t  
comprehensive and i n s t r u c t i v e  demonstration is  given by 
Frank-Kamenetskii i n  h i s  classic work, R e f ,  (23). The pre- 
s e n t  model of  heterogeneous i g n i t i o n  is  based t o  a l a r g e  
ex ten t  on t h i s  reference.  Furthermore, for th i s  sec t ion  
deal ing with homogeneous ign i t i on ,  Frank-Kamenetskii's 
ana lys i s  w i l l  be followed i n  d e t a i l .  
I n  general ,  one considers a s t a t i c  homogeneous 
mixture of  a gaseous f u e l  and oxidizer ;  t h i s  mixture i s  
placed i n  a vesse l  of defined geometry w i t h  w a l l  temperature 
c r i t i ca l  value,  l i t t l e  i f  any change i n  the  gas temperature 
T w i l l  be observed i n  t i m e .  For values of  Tw g rea t e r  than 
t h e  c r i t i ca l  value,  the gas  temperature w i l l  increase  rap id ly  
t o  a steady s t a t e  value: 
(OK) a t  t i m e  zero, For c e r t a i n  values of Tw below some Tw 
g 
(11-1) 
where Tmax is  t h e  maximum gas temperature a t t a i n a b l e  f r o m  
the chemical react ion,  Q is the h e a t  re leased by t h e  reac t ion  
(cal /g) ,  and c 
tha t  the h e a t  capac i t i e s  of t h e  r eac t an t  and product mixtures 
are equal) .  
is t h e  heat capaci ty  (cal/g°K; it i s  assumed 
P 
The c r i t i ca l  value o f  w a l l  temperature which sepa- 
rates these  two very d i f f e r e n t  regimes of temporal behavior 
of t h e  reac t ing  mixture may be considered as an i g n i t i o n  or 
explosion temperature. 
theory of homogeneous i g n i t i o n  t o  c a l c u l a t e  t h i s  value. 
For t h i s  purpose, the non-steady Fourier h e a t  
conduction equation with d i s t r i b u t e d  heat sources i s  used: 
It i s  the  purpose of t h e  thermal 
(11-2)  
3 where is the dens i ty  of  t h e  mixture (g/cm ) ,  t is  time 
(sec), k i s  t h e  thermal conduct ivi ty  of the mixture (cal/cm 
s e c ° K ) ,  and 4 i s  t h e  h e a t  release rate  per  u n i t  volume of 
the mixture (cal/cm sec).  3 
Depending on t h e  method of approach t o  the  so lu t ion  
of t he  problem, t h e  theory i s  r e fe r r ed  t o  as s t a t iona ry  
( t i m e  independent) o r  non-stationary ( t i m e  dependent). I n  
the  former case, the temporal dependence of Eqn, (11-2)  i s  
neglected,  and Eqn. (11-3) is  solved: 
(11-3) 
I Ign i t ion  is said t o  occur a t  t he  value 
may be obtained s t a t iona ry  value of T 
Eqn. (11-3). 
g 
of Tw for which no 
from the  so lu t ion  of 
I n  t h e  non-stationary theory,  it is  assumed t h a t  
the  e n t i r e  mixture is  a uniform temperature equal t o  T Under 
t h i s  assumption Eqn. (11-4) must be so lved( in  the  ac tua l  formu- 
l a t i o n  of this theory a h e a t  loss t e r m  i s  a l s o  included; see 
Section 1.b): 
g' 
(11-4) 
Igni t ion  i s  determined by t h e  f a i l u r e  of T t o  a t t a i n  a 
s teady-state  value. Each of these  methods of so lu t ion  w i l l  
be reviewed b r i e f l y .  The reader is re fe r r ed  t o  Ref. ( 2 3 )  
f o r  d e t a i l s .  
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a. The Sta t ionary  Theory 
As noted, t h e  appropriate  equation t o  be solved 
i s  Eqn. (11-3) under t h e  time-independent assumption of 
t h e  s t a t iona ry  theory. If it is  fu r the r  assumed that  the  
thermal conduct ivi ty  is  temperature independent, then Eqn. 
(33-3) may be wr i t ten :  
t KV*rg = * (11-5) 
where the  p a r t i c u l a r  form of t h e  Laplacian operator w i l l  
depend on the  geometry of  t he  vessel  under consideration. 
I f  xo i s  the  rad ius  of a spher ica l  vesse l  o r  an 
i n f i n i t e  c y l i n d r i c a l  vessel  (or t h e  half-width of  an i n f i n i t e  
plane-sided vesse l ) ,  then the boundary conditions appro- 
p r i a t e  t o  Eqn. (11-5) are as follows: 
(11-6) 
I f  it i s  assumed tha t  an Arrhenius-type expres- 
s ion  w i l l  r epresent  s a t i s f a c t o r i l y  the temperature depen- 
dence of  the reac t ion  rate for the homogeneous mixture, 
then 4 is  given by Eqn. (11-8): 
(11-8) 
where Z is a function of pressure  and composition of t h e  
mixture (but no t  of T g/cm sec), E is t h e  ac t iva t ion  
energy (cal/mole), and R i s  the  universal  gas constant  
(cal/mole°K). 
Non-dimensional parameters are introduced as 
3 
9; 
follows: 
(11-9) 
(11-10) 
By v i r t u e  of Eqn. (11-8) through (11-lo), Eqn, (11-5) 
through (11-7) become: 
(11-12) 
(11-13) 
Because the s t a t iona ry  so lu t ion  of Eqn, 
i s  sought below t h e  c r i t i ca l  value of Tw, it can be assumed 
t h a t  T Tw, tha t  is, (Tg- Tw)/Tw(<l. Then, i f  t h e  argu- 
ment of the exponential  i n  Eqn. (11-11) is  expanded i n t o  
a power series, a l l  t e r m s  involving powers of (T -T )/Tw 
grea te r  than one can be neglected,  and the exponential  
may be approximated: 
(11-11) 
g 
g w  
Eqn. (11-11) then becomes: 
where 
(11-14) 
(11-15) 
(11-16) 
which is a s i n g l e  parameter involving a l l  of t h e  independent 
var iab les  of t h e  geometry and gas mixture. 
The so lu t ion  of Eqn. (11-15) w i l l  be of the  
form 
(11-17) 
and thus only the value of b can determine i f  a s t a t iona ry  
temperature d i s t r i b u t i o n  within the vessel  is possible ,  
that  is ,  i f  i g n i t i o n  w i l l  no t  occur f o r  a given set of 
boundary conditions.  
d i t i o n  may be expressed as 
Therefore, the c r i t i ca l  i g n i t i o n  con- 
(11-18) 
The values  of Scrit are found by numerical 
i n t eg ra t ion  of Eqn.(II-15) f o r  t h e  three geometries of  
i n t e r e s t  and equal 3.32, 2.00, and 0.88 f o r  a spher ica l ,  
cy l ind r i ca l ,  and plane-paral le l  vessel ,  respect ively.  
Therefore,  f o r  a given geometry and a given gas  
mixture, one may c a l c u l a t e  6 as a function of Two 
values of Tw such t h a t  s <  bcrit, no i g n i t i o n  w i l l  occur, 
and v i c e  versa.  
For 
I n  the next sec t ion ,  the non-stationary theory 
of thermal i g n i t i o n  is  developed. I n  p a r t i c u l a r ,  it w i l l  
be demonstrated t h a t  t h e  c r i t i ca l  conditions of i g n i t i o n  
are equivalent i n  both the  s t a t iona ry  and non-stationary 
theor ies .  
b. The Non-Stationary Theory 
I n  t h e  non-stationary theory of thermal igni-  
t i o n  f o r  homogeneous gas mixtures,  any temperature gradients  
within t h e  gas are neglected,  and it i s  assumed that  the 
e n t i r e  gas i s  a t  uniform temperature T w h i c h  however 
is n o t  necessar i ly  equal t o  t h e  w a l l  temperature Two 
h e a t  t r a n s f e r  from t h e  gas t o  t h e  w a l l  i s  expressed as: 
4' 
The 
(11-19) 
2 where h i s  the heat exchange c o e f f i c i e n t  (cal/cm sec) and 
S is  t h e  w a l l  sur face  area (em ) .  2 
Eqn, (11-2) then becomes : 
3 where v is the volume of the vessel (cm ) ,  
condition may be expressed as: 
(11-20) 
The initial 
(11-21) 
Again Eqn, (11-10) is used to define the non- 
dimensionalization scheme, and Eqn. (11-20) and (11-21) 
become : 
(11-22) 
(11-23 ) 
There are two dimensional groups in Eqn. (11-22) having 
the dimension of time: 
(11-24) 
(11-25) 
Division of Eqn, (11-22) by e i t h e r  rl o r  ‘Y2 
w i l l  y i e l d  a dimensionless equation which w i l l  have a 
so lu t ion  of t h e  form: 
i =/,a (11-26) 
and it is, apparent t h a t  a c r i t i ca l  constant  value of  
Yl/ y2 
t e r m s  of t h e  Nusselt  number Nu, which for a s t a t i c  gas 
configurat ion (neglecting m a s s  d i f fus ion  and convection) 
i s  constant:  
w i l l  de f ine  the condi t ion of i gn i t i on ,  
The h e a t  exchange coe f f i c i en t  h is  defined i n  
(11-27) 
Thus t h e  c r i t i ca l  condi t ions of i g n i t i o n  r e s u l t i n g  from 
the  s t a t iona ry  and non-stationary theo r i e s  are e s s e n t i a l l y  
equivalent:  
= (*) %ri+ 
and d i f f e r  only by a constant  geometrical  fac tor .  
c. Summary 
(11-28) 
(11-29) 
For homogeneous gas systems, t w o  approaches t o  
t h e  problem of  thermal i g n i t i o n  o r  thermal explosion are 
avai lable;  these are the s t a t iona ry  theory, i n  which 
temporal va r i a t ion  of gas  temperature is  neglected, and 
the non-stationary theory,  i n  which the  gas mixture is 
assumed a t  equal temperature throughout. The defining con- 
d i t i o n  fo r  i g n i t i o n  can be shown t o  be the same as obtained 
from either theory.  
consumption, and so for th ,  are avai lable ,  and t h e  reader 
is  re fer red  t o  R e f .  (23) f o r  d e t a i l s ,  This reference 
More sophis t ica ted  approaches including r eac t an t  
a l s o  demonstrates t h e  agreement between experiment and 
theory. 
t e r m  per  u n i t  volume involving t h e  w a l l  temperature i s  
expressed as i n  t h e  non-stationary theory,  t h a t  is, 
I n  t h e  s t a t iona ry  theory, i f  t h e  h e a t  t r a n s f e r  
(11- 3 0 )  
then the  def ining equation f o r  t h e  s t a t iona ry  theory may 
be expressed as 
gchem- %loss (11-31) 
is t h e  h e a t  release rate  of t h e  
3 chem 
where as before 4 
chemical r eac t ion  per  u n i t  volume (cal/crn sec): 
(11-32) 
19 
a)  STATIONARY THEORY 
n 
T T  
92 93 
T T  
go 91 
b) NON- STATIONARY THEORY 
i 
0 
0 .  
0 
I 
P 
Y 
-Tg 
GRAPHICAL REPRESENTATIONS OF THE CLASSICAL 
THEORIES OF HOMOGENEOUS IGNITION 
FIGURE 2 
It i s  seen t h a t  a simple graphical  representat ion,  
a s  suggested by Semenoff (24) ,  can demonstrate the  cogent 
fea tures  of the  theory. 
p lo t t ed  versus the  g'as temperature T ; t he  former i s  shown 
for three  values of t he  w a l l  temperature T W , l  
on the p a r t i c u l a r  value of Tw, various behaviors of the 
gas temperature a r e  encountered. 
value of the  gas temperature i s  T the  mixture w i l l  s e l f -  
hea t  t o  the  stable temperature T 
In  Fig.  2a, ;Ichem and ;Iloss are 
Depending 
g 
For Two, with Two4Twl(Tw2, i f  t h e  i n i t i a l  
exceeds because kchem 40 
g l  
Explosion does not  occur s ince  
91 
between T and T %ass go 
the  gas temperature cannot rise above T spontaneously. 
91 
For Tw,, with i n i t i a l  gas temperature j u s t  
s ince  a t  these gas  temperatures qchem 9' grea te r  than T 
exceeds qloss, explosion w i l l  occur, 
value of T . 
Final ly ,  f o r  T ~ , ,  explosion w i l l  occur f o r  any 
4 
Thus it i s  seen t h a t  Twl i s  a minimum w a l l  
temperature required f o r  i gn i t i on  of the gas mixture, t h a t  
is ,  a c r i t i c a l  condition of i g n i t i o n  o r  explosion. Twl 
is  referred t o  a s  the i g n i t i o n  or explosion temperature of 
the  p a r t i c u l a r  gas mixture and is  a function of gas  pressure 
and temperature and geometry of the  containing vessel .  
Semenoff obtained an a n a l y t i c a l  expression f o r  
the explosion temperature f r o m  the def ining equations a t  
T (24) , f o r  Tlg,: 
g2 
(11-33) 
(11-34) 
Semenoff ac tua l ly  considered th ree  values of kchem f o r  
t h ree  values of Z ( t h a t  i s ,  f o r  t h ree  values of g a s  mixture 
pressure)  (24) . 
The e s s e n t i a l  f ea tu re s  of the non-stationary 
theory may also be represented conveniently i n  graphical 
form, as is  shown i n  Fig. 2b. Since the def in ing  equa- 
t i o n  fo r  t h i s  theory is  
(11-35) 
d T p t i s  proport ional  t o  the d i f fe rence  between Qchem 
According t o  
t h e  value of Tw, t h e  temporal behavior o f  T 
obtained. It is  seen f r o m  Fig. 2b  t h a t  t he  non-stationary 
representa t ion  p red ic t s  t h e  same t rends  as t h a t  of the 
s t a t iona ry  theory. I n  p a r t i c u l a r ,  explosion w i l l  occur 
f o r  a l l  values of T with Tw=Tw2 and f o r  T > T with 
For T g o S  T 4 T 
a s t a t iona ry  s ta te  w i l l  be a t t a ined  with T =T 
The s igni f icance  of the  Qchem and Qloss  in t e r sec t ion  a t  
with Tw = Two, w i l l  be discussed i n  a l a t t e r  sec t ion .  T 
In  the following discussions of heterogeneous 
i g n i t i o n  it w i l l  be convenient t o  use s i m i l a r  graphical  
and may be p lo t t ed  versus T 
and %ass g' 
is  then 
9 
g g 92 
(s ince dT / d t  i s  p o s i t i v e ) .  with Tw=Twl g g 93 
g g l '  
93' 
representa t ions  t o  study t h e  physical  s i t u a t i o n  of i n t e r e s t .  
Although the  s t a t iona ry  approach w i l l  be emphasized, 
c e r t a i n  f ea tu res  of t h e  non-stationary theory w i l l  be 
included. 
2.  Heterogeneous Iqn i t ion  Involving Gas-Phase Reaction 
Products 
The i g n i t i o n  of solid-phase f u e l s  with gaseous 
oxid izers  through reac t ions  which form gaseous r eac t ion  
products is  discussed i n  t h i s  sect ion.  Examples of such 
heterogeneous systems are s o l i d  p rope l l an t  f u e l  s t rands,  
hydrocarbon drople t s ,  o r  carbon p a r t i c l e s  reac t ing  i n  a i r  
or oxygen. Much of the  present  discussion is  based on t h e  
physical ana lys i s  of Frank-Kamenetskii (23). 
Several  fea tures  within a theory of heterogeneous 
i g n i t i o n  change from t h e i r  counterpar ts  i n  a theory of homo- 
geneous ign i t ion .  For example, because the exothermic re- 
act ion occurs on a surface as opposed t o  throughout a re- 
ac t ion  volume, the surface temperature Ts replaces  the gas 
temperature T and a l l  heat ing t e r m s  are expressed i n  t e r m s  
of u n i t  a rea  r a t h e r  than u n i t  volume. 
Consider a spher ica l  f u e l  p a r t i c l e  whose c e n t r a l  
po in t  temperature is  293OK. 
s tagnant  mixture of oxidizingand i n e r t  gases whose tempera- 
t u re  a t  i n f i n i t y  i s  a l s o  298OK.  During reac t ion ,  r eac t an t  
deplet ion is neglected.  Reaction proceeds on the surface a t  
temperature Ts, but ,  for  the sake of s impl ic i ty ,  t he  gas- 
phase products a re  continuously removed as they appear a t  
temperature Ts and are not  allowed t o  p a r t i c i p a t e  i n  any 
h e a t  t r a n s f e r  t o  t h e  environment. 
g' 
The p a r t i c l e  i s  placed i n  a 
This case of no product h e a t  t r ans fe r  by means 
of mass t r a n s f e r  i s  of i n t e r e s t  because i n  the  generaliza- 
t i o n  t o  metal i gn i t i on ,  which i s  character ized by a surface 
deposi t ion of solid-phase products,  such products cannot 
t r anspor t  h e a t  from the  reac t ing  surface t o  the environment. 
I n  p r inc ip l e ,  two equations may be wr i t t en  f o r  
a t h i n  cont ro l  volume a t  uniform temperature Ts enclosing 
only the reac t ing  surface;  the  f i rs t  i s  the  r a t e  of h e a t  
input  t o  the  volume, which includes the chemical h e a t  re- 
lease ra te ,  and the second is  the  r a t e  of h e a t  l o s s  from the 
cont ro l  volume t o  the  environment (which includes the f u e l  
volume i n t e r i o r  t o  t?.e r eac t ion  sur face)  , where both equations are 
functions of the surface temperature,Ts. Both equations a r e  cal-  
2 
cula ted  a t  some s p e c i f i c  time, say t =t*, and the  en- 
t i r e  cont ro l  volume is  assumed a t  uniform temperature equal 
t o  Ts, 
The chemical energy r e l ease  r a t e  may be wr i t t en  
as : 
(11-36) 
(11- 3 7 ) 
where: 
where subscr ip t  i ind ica t e s  r eac t an t s  and j products, and 
where 
= chemical energy r e l ease  r a t e ,  cal/cm sec; %hem 
m = molar reac t ion  r a t e ,  mole fuel/cm sec ;  
2 
2 
Q = chemical energy re lease ,  cal/mole fue l ;  
T 0 = surface temperature, K; 
= number of moles of species  k per mole of fue l ,  
S 
mole k/mole fue l ;  nk 
2wlthough reac t ion  deplet ion is  not  considered, i n  general  
t he  hea t  l o s s  terms t o  be discussed below w i l l  be functions 
of time, 
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FIGURE 3 
d H 2 f f E  = standard h e a t  of formation of species  k a t  298OK, 
= enthalphy of spec ies  k a t  TOK, cal/mole k. 
c al/mole k : 
HT,k 
i n  Fig. 3a. A t  low temperatures, t he  dependence is expon- 
e n t i a 1  due t o  t h e  cont ro l l ing  k i n e t i c  Arrhenius fac tor .  
A s  t he  surface temperature of the p a r t i c l e  i s  increased,dif-  
fusion of the oxid izer  through the i n e r t  gas t o  t h e  p a r t i c l e  
surface w i l l  become ra te -cont ro l l ing ,  and the  tjchem curve 
w i l l  have a smaller ,  bu t  s t i l l  pos i t i ve  s lope,  as is  shown 
i n  Fig. 3a.4 A contr ibut ion t o  the lessening of the s lope 
also r e s u l t s  from d i s soc ia t ion  of the  products.  
I n  the  d i f fus iona l  regime, i f  it is assumed tha t  
a l l  port ions of the  surface are equally accessible  with res- 
pec t  t o  d i f fus ion ,  then fi may be w r i t t e n  i n  the form ( 2 3 ) :  
The general  f o r m  of Pchem versus Ts i s  displayed 
3 
5 
-=?-.) (11-39) 
where c i s  the  oxidizer  concentration i n  the gas,  c '  is  the  
oxidizer  concentration a t  the surface (both i n  mole fuel/cm ) ,  
and is  the d i f fus ion  ve loc i ty  c o e f f i c i e n t  
3 
3Throughout these discussions it is assumed of course t h a t  
Ts is  less than the maximum temperature a t t a i n a b l e  from the 
reac t ion  , 
uni ty  ( 2 7 1 T ~ ~ h e r e  To i s  tge i n i t i a l  r eac t an t  temperature 
and ( E  ) i s  a s p e c i f i c  h e a t  averagdover  products.  
4 G a s  phase d i f fus ion  coe f f i c i en t s  usual ly  increase with t h e  
1.67 power of temperature (25). 
'Note t h a t  the  S-shape of the QCh 
homogeneous gas-phase reac t ions ,  Eut t h a t  i n  this  case the  
leve l ing  a t  high temperature i s  due only t o  d i s soc ia t ion  of  
t he  products.  
= To + Q / ( E  ) ( for  L e w i s  Number equal t o  
P 
curve occurs also i n  
(cm/sec) , which Frank-Kamenetskii def ines  as follows (23) : 
e- NuD/r (11-40) 
In Eqn, (Z1-40), Nu is t h e  d i f fus iona l  Nusselt  number, 
D is  t h e  d i f f u s i v i t y  of the  oxidizer  ( c m  /sec), and r is  
the  c h a r a c t e r i s t i c  dimension of  t h e  system (cm), See R e f -  
erence (272)  f o r  l imi t a t ions  of Egn. (11-39)- 
Under the assumption t h a t  the reac t ion  a t  t he  
surface is  first order with r e spec t  t o  oxidizer ,  i n  the  
k i n e t i c  regime a t  low surface temperature m may be ex- 
pressed as:  
2 
(11-41) 
where k i s  the  ra te  constant  (cm/sec) w i t h  an Arrhenius- 
type temperature dependence, as noted above: 
- E/RT, K =  Ae 
(11-42 ) 
H e r e  A i s  t h e  pre-exponential factor (cm/sec), E is the 
ac t iva t ion  energy (cal/mole), and R i s  t h e  universal  gas 
constant  ( c a l / m o l e ° K ) .  
For t h e  e n t i r e  temperature range of i n t e r e s t  1-5 
may then be w r i t t e n  a s  (23): 
(11-43) 
and thus  Eqn. (11-37) becomes: 
As noted, the v a r i a t i o n  of qchem w i t h  surface 
temperature has  been denoted schematically i n  Fig. 3a: 
a t  low temperatures i n  the k i n e t i c  range, kc<?, and the 
temperature dependence is  exponential;  a t  high tempera- 
t u r e s  i n  the d i f f u s i o n a l  range, PGGk, and the temperature 
dependence is  given predominantly by t h e  d i f f u s i v i t y  D i n  
Eqn, (11-40) , 
of t h e  system have been given, it is  poss ib le  i n  p r inc ip l e  
t o  c a l c u l a t e  a heat l o s s  term, qloss, including conduction 
i n t o  t h e  f u e l  p a r t i c l e ,  'conduction i n t o  t h e  s ta t ic  oxidizing 
gas, and r ad ia t ion  t o  t h e  surroundings, a t  t = t*, and 
as a function of  the i n t e r f a c e  temperature. R e c a l l  tha t  
t h e  products formed do no t  p a r t i c i p a t e  i n  the h e a t  t rans-  
f e r .  
When the  geometry and h e a t  t r a n s f e r  characteristics 
where 
k = thermal conductivity of  the fuelo (subscr ipt  f )  
or oxidizer  gas (g), cal/cm sec K; 
temperature grad ien t  evaluated a t  the  surface 
2 = rate of  heat lo s s ,  cal/cm sec; %ass 
ar = 
' R e c a l l  that  t h e  cont ro l  volume includes only t h e  re- 
ac t ion  surface.  
t e r m  i n  m e t a l  i g n i t i o n  w i l l  be demonstrated i n  Section 4. 
The importance of this  conduction loss  
(r = r ) e i t h e r  Anto the f u e l  (r+) o r  i n t o  the 
oxidizgr (ro+), K/cm; 
= surface emissivi ty ,  dimensionless; 
2 
E 
w = Stephan-Boltzmann constant ,  cal/cm sec 
Tr 
= effecthve r ad ia t ion  temperature of the environ- 
ment, K. 
If any o ther  form of  h e a t  input  w e r e  of i n t e r e s t ,  
such as ohmic heating, then the model would be much more 
complicated, s ince  part  of the t h i s  t e r m  would add t o  the 
r i g h t  hand s i d e  of Eqn. 
input  rate. Also, because the  i n t e r i o r  of t h e  f u e l  i s  
not  included i n  the cont ro l  volume, and because the  
e x t r a  heat ing t e r m  may a f f e c t  the temperature d i s t r ibu -  
t i o n  within the f u e l  p a r t i c l e ,  the conduction loss  i n t o  
the  f u e l  on the r i g h t  hand s ide  o f  Eqn. (11-45) must also 
be modified. For t h e  purposes of t h e  present  discussion, 
only chemical h e a t  input  w i l l  be considered, so that  Eqn, 
(11-44) and (11-45) a re  complete as they stand. 
(11-44) t o  obta in  t h e  t o t a l  h e a t  
versus T curve The general  form of the  qloss 
Combining Fig. 3a and 3b (Fig. 3c) ,  there w i l l  
S 
i s  shown i n  Fig. 3b. 
be i n  general  t h r e e  in t e r sec t ions  which def ine  equilibrium 
condi t ions f o r  the surface.  That which occurs a t  the low- 
es t  temperature is  a s table  equilibrium ( w i t h  respec t  
t o  s m a l l  per turba t ions  i n  sur face  temperature) s ince  
(11-46 ) 
The temperature a t  which th i s  i n t e r s e c t i o n  occurs i s  
referred t o  as t h e  oxidat ion temperature (Toxid); the 
i n t e r s e c t i o n  has  physical  s ign i f icance  i n  that  it re- 
p resen t s  ordinary low-temperature oxidation. 
% h e m  and q los s  
Since the 
curves may be near ly  tangent a t  Toxid8 
(29)  
th i s  s ing le  temperature may be m o r e  r e a l i s t i c a l l y  repre- 
sented by a temperature range. 
The center  i n t e r s e c t i o n  of t he  Gchem and gloss 
curves i s  s a i d  t o  occur a t  t he  c r i t i ca l  temperature (Tcrit). 
Note t h a t  t h i s  equilibrium i s  unstable ,  s ince  
(11-47) 
is  the  spontaneous i g n i t i o n  temperature, 
t h a t  is ,  it i s  the l o w e s t  i n i t i a l  temperature f r o m  which 
the  surface may se l f -hea t  t o  a combustion configuration. 
However, t o  avoid confusion with the  experimental i g n i t i o n  
temperature which w i l l  be defined la te r ,  t h i s  temperature 
Tcrit  
w i l l  always be r e fe r r ed  t o  as the  c r i t i c a l  temperature. 
The f i n a l  i n t e r s e c t i o n  is  again a stable equ i l i -  
brium because 
(11-48) 
This i n t e r s e c t i o n  represents  the flame temperature (T f ) 
and physical ly ,  of course,  i s  the  s teady-state ,  self-  
sustained combustion configuration. 
By comparison of Fig.  2 and 3 it i s  seen t h a t  
i s  equivalent  t o  T i n  the  homogeneous i g n i t i o n  Tcri t  93 
theory. I n  the development of the homogeneous theory,  the  
independent va r i ab le s  of i n t e r e s t  are the t o t a l  pressure 
of the reac t ing  gas mixture and the  h e a t  t r a n s f e r  t o  t h e  
environment as determined by the  w a l l  temperature and the 
s i z e  of t he  containing vessel .  I n  t h i s  case it i s  con- 
venient  t o  consider an i g n i t i o n  l i m i t  ( fo r  Twl i n  Fig. 2a) 
where the  heat ing curves are tangent,  r a t h e r  than an 
i g n i t i o n  temperature T 
the  convenient experimental measurements then involve 
( for  Two i n  Fig. 2a ) ,  because 
93 
t h e  minimum explosion pressure ( for  f ixed w a l l  tempera- 
t u r e  and container  s i z e ) ,  and so for th .  In  o ther  words, 
the  behavior of the  mixture as t h e  gas temperature i s  
r a i sed  by ex terna l  means (for  f ixed w a l l  temperature, con- 
t a i n e r  s i ze ,  and gas pressure)  i s  not  of  i n t e r e s t .  
ra i sed  by ex terna l  hea t ing  t o  T 
a t  T 
plosion temperature. 
o r  of o ther  heterogeneous systemsc general ly  it is  t h i s  
type of configurat ion which i s  appropriate;  t h a t  is, t h e  
behavior of t he  sur face  temperature of t h e  fue l  as it is 
ra i sed  by ex terna l  means is  of i n t e r e s t .  I f  t he  experi-  
mental configurat ion is  such t h a t  three in t e r sec t ions  of  
the heat ing curves e x i s t ,  as i n  Fig. 3c, then the re  w i l l  
be a spontaneous i g n i t i o n  o r  c r i t i ca l  temperature a t  and 
above which the  surface w i l l  eventual ly  se l f -hea t  t o  t h e  
s t a b l e  combustion configurat ion a t  T f .  
With reference t o  Fig. 3c, it is poss ib le  t o  
envis ion c e r t a i n  spec ia l  cases i n  which only one i n t e r -  
sec t ion  of t h e  Qchem and Qloss curves occurs, and thus 
only s teady-s ta te  oxidat ion o r  s teady-state  combustion 
i s  possible ,  o r  i n  which the curves are tangent (that is, 
the  i g n i t i o n  o r  ex t inc t ion  l i m i t s  (23), as i n  t h e  homogen- 
eous theory of thermal i g n i t i o n ) .  However, for t h e  reasons 
given previously,  only t h e  more general  case involving a 
t r i p l e  i n t e r s e c t i o n  (and thus  def ining a c r i t i ca l  tempera- 
t u r e )  is  considered here. 
s i m i l a r  f o r  both the case of homogeneous gas-phase re- 
ac tan ts ,  i n  which the flame temperature i s  determined by 
d i s soc ia t ion  of  the products (see Footnote 5 of t h i s  chap- 
t e r ) ,  and the  case of heterogeneous reac tan ts ,  i n  which Tf 
However, note  that  if the  gas  temperature i s  
explosion w i l l  occur 
and thus t h i s  temperature is  an i g n i t i o n  or ex- 
93, 
93 ' 
I n  appl ica t ions  involving t h e  i g n i t i o n  of metals, 
curves are and Gloss Also, note t ha t  t he  qchem 
is  con t ro l l ed  no t  only by d i s soc ia t ion  o f  the products, 
bu t  a l s o  by gas-phase d i f fus ion  of  t he  r eac t an t s .  The 
l a t t e r  case can then be general ized t o  any non-premixed 
system, including gas-phase d i f fus ion  flames. Thus any 
chemical system involving thermal i g n i t i o n  may be described 
by curves of the  g,eneral form shown i n  Fig. 3 .  
is convenient t o  choose a d e f i n i t i o n  which is  d i r e c t l y  
r e l a t e d  t o  t h a t  of t he  experimental i g n i t i o n  temperature, 
s ince  comparison w i l l  be made w i t h  values  of t h e  la t ter .  
For systems which burn on t h e  surface,  t h e  experimental 
d e f i n i t i o n  of i g n i t i o n  is  usua l ly  taken t o  be t h e  po in t  
of most rap id  ra te  of change with t i m e  o f  sample temper- 
a t u r e  o r  of l i g h t  i n t e n s i t y  emitted by t h e  f u e l  sample; 
f o r  metals which burn i n  t h e  vapor phase, i g n i t i o n  i s  
sometimes defined by t h e  appearance of the vapor-phase 
flame. 
I n  def in ing  an i g n i t i o n  temperature (Tign), it 
Because t h e  con t ro l  volume has  been assumed t o  
be a t  uniform temperature, t h e  rate of  change of t h e  t e m -  
pe ra tu re  of t h e  con t ro l  volume T may be expressed as 
follows, as i n  t h e  non-stationary homogeneous i g n i t i o n  
theory : 
S 
where 
m = m a s s  of t h e  con t ro l  volume, g; 
C = f u e l  s p e c i f i c  hea t ,  cal/g°K; 
S = sample sur face  area, c m  . 
C.V. 
P 2 
I f  t h e  volume of  the con t ro l  volume .(V) is taken as  
(11-50) 
w h e r e  s i s  the  thickness of the  cont ro l  volume and 
b f o  (11-51) 
then Eqn. (11-49) may be wr i t t en  
(11-52) 
3 i s  the dens i ty  of the f u e l  (g/cm ) .  Thus, the  e where 
experimental d e f i n i t i o n  of i g x i t i o n  i n  t e r m s  of the  ;Ichem 
Of (qchem- 
must be above the  c r i t i ca l  temperature, of course, because 
only above the l a t t e r  temperature can the  thermal non- 
equilibrium r e s u l t  i n  stable combustion a t  T f .  
t i o n  of i g n i t i o n  i s  demonstrated graphica l ly  i n  Fig'. 4. 
curves i s  the  temperature a t  which the magnitude and !loss 
) i s  greatest. The i g n i t i o n  temperature 
T h i s  de f in i -  
Mathematically, the i g n i t i o n  temperature i s  de- 
fined by the  equation: 
Thus 
(11-54) 
(11-55) 
33 
a)STATIONARY 
b) 
APPROACH 
/q 'Os: 
LTi g n 
NON - STATIONARY APPROACH 
dTS 
d t  
- 
0 
THE 
F IGURE 4 
I oxid lcrit I I f  
HETEROGENEOUS IGNITION 
DISTINCTION BETWEEN THE CRITICAL 
AND IGNITION TEMPERATURES 
. 
Therefore, i n  t e r m s  of the  q versus Ts diagram, the  i g n i t i o n  
temperature occurs a t  t h a t  po in t  above t h e  c r i t i c a l  temper- 
a tu re  a t  which the slopes,  b u t  not  magnitudes, of qchem 
and 4 
. 
are equal. 
Physical ly ,  the i g n i t i o n  temperature i s  the  t e m -  
l o s s  
perature  a t  which immediate inflammation occurs, whereas 
the c r i t i c a l  temperature i s  the  spontaneous i g n i t i o n  t e m -  
pera ture ;  thus an important d i s t i n c t i o n  between these two 
temperatures i s  the  p o s s i b i l i t y  of  an i g n i t i o n  delay t i m e .  7 
It is  obviously the  i g n i t i o n  r a t h e r  than the 
c r i t i ca l  temperature which i s  of i n t e r e s t  i n  rocket pro- 
pu l s ion , app l i ca t ions  s ince  a long self-heat ing period be- 
fore  ign i t i on ,  upon attainment of the  c r i t i c a l  temperature, 
could be extremely detr imental  t o  i g n i t i o n  eff ic iency.  
Note t h a t  i n  def ining the  i g n i t i o n  temperature 
both experimentally and t h e o r e t i c a l l y  i n  t e r m s  of the  
maximum r a t e  of change of surface temperature (or  of l i g h t  
i n t e n s i t y  e m i t t e d  by the  sample), a discrepancy between 
t h i s  d e f i n i t i o n  of the model and the  t r u e  experimental 
d e f i n i t i o n  has been introduced, because experimentally the 
i g n i t i o n  temperature i s  the  surface temperature just p r i o r  
t o  rapid temperature runaway. I n  o the r  words, r a the r  
than t h a t  surface temperature a t  which the  t i m e  de r iva t ive  
of temperature i s  a maximum, the  temperature immediately 
before  f a s t  temperature runaway i s  taken as the  i g n i t i o n  
temperature experimentally. 
l eve l ing  of the S-shaped ;Ichem curve r e s u l t s  from d i f fu -  
s iona l  cont ro l  of the  reac t ion ,  the  d e f i n i t i o n  used i n  
the  model implies t h a t  a t  i g n i t i o n  d i f f u s i o n a l  processes 
have become important. 
A l s o ,  s ince f o r  t he  heterogeneous system the 
71n Section 4 of t h i s  chapter  another important d i s t i n c t i o n  
between these two temperatures w i l l  be demonstrated. 
I n  r e a l i t y ,  however, the  i g n i t i o n  temperature as defined 
experimentally can 'be  k i n e t i c a l l y  cont ro l led .  
I n  the  following, t h i s  discrepancy between the  
experimental and t h e o r e t i c a l  d e f i n i t i o n s  of i g n i t i o n  
w i l l  be neglected. 
because it presents  a mathematical def in ing  equation f o r  
i g n i t i o n  (Eqn, 11-55), which w i l l  be used i n  subsequent 
chapters  fo r  comparison with o the r  t heo r i e s  of m e t a l  
i g n i t i o n  and f o r  i n t e r p r e t a t i o n  of var ious t rends  i n  
experimental r e s u l t s .  
and Tign can be ca lcu la ted  f o r  any fuel-oxidizer system 
from t h e i r  def in ing  equations 
f 3  
The l a t t e r  d e f i n i t i o n  i s  convenient 
A t  t h i s  po in t ,  a t  least  i n  p r inc ip l e ,  Tcrit 
and 
(11-56) 
(11-57) 
*See Chapter vII. 
by a numerical i t e r a t i v e  procedure. 
i n  t he  numerical values of t h e  parameters involved i n  
Eqn. (11-44) and (11-45) as a function of temperature 
(especial ly  f o r  metal-oxidizer systems) and d i f f i c u l t y  i n  
evaluat ing the two conduction heat l o s s  t e r m s  i n  Eqn. 
make such a ca l cu la t ion  of questionable value; thus it w a s  
no t  attempted. 
i g n i t i o n  theory has  been applied t o  t h e  case of heterogeneous 
i g n i t i o n  involving r eac t an t s  which form gaseous products.  
By considerat ion of t h e  ra te  of h e a t  generation and ra te  
of h e a t  l o s s  from a cont ro l  volume centered a t  the reac t ion  
surface,  s teady-state  s t a b l e  regimes of oxidation (a t  low 
temperatures) and combustion (a t  high temperatures) have 
been found. These are separated by the c r i t i ca l  tempera- 
t u re ,  which is  an unstable  equilibrium with respec t  t o  
However, uncertainty 
(11-45) 
To summarize, t h e  classical s t a t iona ry  thermal 
per turba t ions  i n  temperature. 
A d i s t i n c t i o n  has been made between t h i s  c r i t i ca l ,  
or  spontaneous i g n i t i o n  temperature, and t h e  i g n i t i o n  t e m -  
pe ra tu re  which is  defined by the appearance of  a flame i n  
an experiment, t o  allow fo r  t h e  p o s s i b i l i t y  of sample self-  
heat ing.  
The next s ec t ion  o f  t h i s  chapter  is a discussion 
of m e t a l  i gn i t i on ,  t h a t  is, heterogeneous s y s t e m s  involving 
the formation of solid-phase products on t h e  reac t ion  sur-  
face, i n  terms of t h e  c l a s s i c a l  s t a t i o n a r y  theory of he te r -  
ogeneous ign i t i on .  
3 ,  Heteroqeneous Iqn i t ion  Involvinq Solid-Phase Reaction 
Products 
a. The Sta t ionary  Theory 
sec t ion  are maintained. Furthermore, those products which 
form on the  reac t ion  sur face  are included i n  t h e  cont ro l  
volume and are assumed t o  be a t  uniform temperature equal 
The geometry and assumptions of t h e  previous 
c 
t o  the surface temperature, so tha t  there i s  no e f f e c t  of 
t h e i r  presence on the heat t r a n s f e r  c h a r a c t e r i s t i c s  of the 
configurat ion (See however Reference ( 2 7 2 ) ) .  As before,  
r eac tna t  deple t ion  is  neglected.  Thus the equations and 
concepts developed i n  Section 2 remain v a l i d  f o r  the case 
of solid-phase product formation. 
othermal oxidat ion experiments, the presence of  t h i s  product 
f i lm leads  t o  so-called p ro tec t ive  oxidation ra te  l a w s  (6, 
26, 27) ,  of the f o r m :  
I n  general ,  a s  found a t  low temperatures i n  is- 
(11-58) 
where 
X = thickness of product f i lm formed a t  t i m e  t, c m ;  
= ra te  constant ,  ( c m l n  + ‘/sec; kn 
n = oxidation index, dimensionless. 
Eqn. (11-58) in t eg ra t e s  t o  Eqn. (11-59) or (11- 
60) fo r  n = +1 o r  +2 respect ively:  
(11-59) 
(11-60) 
Another p ro tec t ive  ra te  l a w  i s  the  logarithmic l a w :  
4 4 t  r-c (11-61) 
9Specific examples are discussed Appendix I. 
where a l l  cn are constants.  
t o  as parabol ic ,  cubic,  o r  logari thmic,  respec t ive ly  (6,26, 
27).  See these  references j u s t  c i t e d  f o r  discussions of 
t h e  microscopic der iva t ions  of these  rate l a w s .  
The non-protective rate l a w  which is  general ly  
These rate l a w s  are r e fe r r ed  
exhibited by metal-oxidizer systems a t  higher temperatures 
i s  obtained by in t eg ra t ing  Eqn.(II-58) w i t h  n = 0: 
x = IC,t+c 0 (11-62) 
This law is known as t h e  l i n e a r  ra te  l a w  (6,26,27) and may 
r e s u l t  from a porous o r  cracked oxide fi lm, s ince  t h e  r a t e  
i s  independent of oxide thickness.  
Note t h a t  t he  l i n e a r  oxidat ion ra te  l a w  may 
be a t t r i b u t e d  t o  physical  mechanisms o ther  than a porous, 
non-protective r eac t ion  product f i l m .  For example, i f  
t he re  is  a pro tec t ive ,  non-porous barrier l aye r  between 
an outer  porous layer  and the m e t a l  subs t r a t e ,  and i f  t h i s  
b a r r i e r  l aye r  maintains a constant  thickness  with respect 
t o  t i m e ,  then a l i n e a r  oxidat ion rate w i l l  be observed f o r  
t h i s  system. Other physical  mechanisms, such as r a t e -  
con t ro l l i ng  phase boundary reac t ions ,  may a l s o  be respon- 
s i b l e  f o r  t he  appearance of  a l i n e a r  oxidat ion rate l a w  
(6,26,27). 
To summarize b r i e f l y ,  so-called p ro tec t ive  oxi- 
da t ion  r a t e  laws are character ized by i n h i b i t i o n  of t h e  
r eac t ion  ra te  by t h e  product f i lm;  such ra te  l a w s  are ob- 
served f o r  metal-oxidizer systems a t  low temperatures. 
A t  higher temperatures, the non-protective l i n e a r  ra te  
l a w  usual ly  occurs: i n  t h i s  case t h e  r eac t ion  ra te  is  
independent of the instantaneous product f i lm thickness.  
The temperature which separates  these  t w o  rate 
t r a n s )  regimes i s  defined as t h e  t r a n s i t i o n  temperature (T 
It is  the lowest temperature a t  and above which t h e  metal- 
ox id izer  system exh ib i t s  a l i n e a r  oxidat ion ra te  law a t  
t h e  s t a r t  of  ordinary isothermal oxidat ion rate experi-  
ments and is  estimated from the appropriate  empirical  m e t a l  
oxidat ion l i t e r a t u r e ,  
10  
The t r a n s i t i o n  from a p ro tec t ive  ra te  law t o  
the l i n e a r  ra te  law may be a t t r i b u t e d  t o  one of  s i x  d i f -  
f e r e n t  physical  mechanisms: 
The volume of oxide formed may be less than 
the  volume of metal  used i n  i t s  formation 
( tha t  is, the  volume r a t i o ,  o r  P i l l i n g  and 
Bedworth r a t i o  (22), may be less  than one);  
The oxide may m e l t  o r  sublime thus exposing 
f r e sh  m e t a l  surface;  
Mechanical stress cracking may r e s u l t  from 
expansion o r  contract ion due t o  a phase 
change or c r y s t a l l i z a t i o n  i n  scale o r  sub- 
s t ra te ;  
Mechanical stress cracking may r e s u l t  from 
a chemical composition change i n  the  f i l m ;  
Thermal stress cracking may r e s u l t  from 
l a r g e  d i f fe rences  i n  c o e f f i c i e n t s  of thermal 
expansion of metal  and product f i l m ;  
Mechanical stress cracking may r e s u l t  from 
a P i l l i n g  and Bedworth r a t i o  much g rea t e r  
o r  less  than one, perhaps when some c r i t i c a l  
oxide thickness  i s  a t ta ined .  
It i s  seen immediately t h a t  i n  general  mechanism 
(b) p laces  an upper temperature l i m i t  on the t r a n s i t i o n  
temperature, although i f  t h e  molten oxide w e r e  extremely 
There is  general ly  a brief induction period a t  t h e  begin- 10 
ning of an oxidat ion experiment before s teady-state  con- 
d i t i o n s  a re  es tab l i shed(see  Appendix I ) .  
viscous, it i s  conceivable t h a t  the t r a n s i t i p  t e m -  
pera ture  could be hig'her than the oxide melting point .  11 
The e f f e c t  of the t r a n s i t i o n  temperature w i l l  
be f e l t  i n  the k i n e t i c  regime and, i n  p a r t i c u l a r ,  i n  the 
t e r m  o f  Eqn. (11-36), t h a t  is ,  i n  the pre-exponential 
f a c t o r  and ac t iva t ion  energy of Eqn. (11-42). The presence 
of t he  p ro tec t ive  product f i lm w i l l  lower the  reac t ion  
r a t e  from the  value expected f o r  a c lean surface: there- 
w i l l  decrease i n  the  real  case. When the  fore ,  
t r a n s i t i o n  temperature i s  a t t a ined ,  t he  chemical h e a t  
re lease  t e r m  w i l l  approach i t s  value f o r  a c lean surface.  
qchem 
The metal i g n i t i o n  c r i t e r i o n  f o r  the  two pos- 
i s  indicated Tcri t  and T t rans  > Tcrit: ible cases Ttrans 
i n  Figure 5b and 5c according* t o  the  d e f i n i t i o n s  given 
above. (The case with no solid-phase product formation 
i s  shown i n  Fig. s a , ) .  
the  r a t e  f o r  a c lean surface.  The metal i g n i t i o n  c r i t e r i o n  
may be summarized mathematically: 
The dashed kchem curves ind ica t e  
If Tt ransC Tcri t '  then Tign * Tcr i t*  (11-63) 
The equal s ign  w i l l  apply i n  Eqn, (11-63) only a t  the 
i g n i t i o n  l i m i t  w h e r e  echem and gross curves are tan- 
gent  and i n  Eyn. (11-64) only i f  the  magnitude of 
11Si02 formed i n  the  Si-0 
t h i s  phenomenon. See Apphdix I. 
reac t ion  may be an example of 
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) is largest a t  t he  t r a n s i t i o n  temperature. (%hem- 
pera ture  i s  a function of oxide thickness ,  a s  t h e  qchem 
I n  Fig. 5c it is  seen t h a t  t he  c r i t i ca l  t e m -  
curve s h i f t s  t o  the  l e f t  as a clean m e t a l  surface i s  
approached. 
Tcr i t  
s en t  on t h e  metal sample. 
Thus i n  cases f o r  which Ttrans> Tcritt 
i s  expected t o  depend on the oxide thickness pre- 
According t o  Fig. 5b, f o r  Tcrit)Ttranst Tcrit 
should n o t  depend on t h i s  parameter. However, i n  the 
real  physical  s i t ua t ion ,  a f t e r  Ttrans i s  exceeded, t he  
oxidat ion r a t e  w i l l  no t  a t t a i n  i ts  value f o r  a c lean sur-  
face even i f  t he  oxide is  non-protective,  simply because 
such an oxide covers par t  of t h e  m e t a l  surface (and t h e  
reac t ion  ra te  per  u n i t  area i s  lower).  Thus even i n  t h e  
may be a function of Tcrit  case f o r  which Ttrans4 Tcrit, 
oxide thickness.  
Note t h a t  i n  es t imat ing the t r a n s i t i o n  temper- 
a t u r e  s t r i c t l y  on t h e  b a s i s  of t he  observation of a l i n e a r  
oxidation rate l a w  a t  t h a t  p a r t i c u l a r  temperature, it i s  
poss ib le  t h a t  t h e  r eac t ion  product f i l m  i s  not  t r u e l y  
non-protective, t h a t  is, is no t  porous o r  cracked. How- 
ever ,  s i n c e  nonetheless t h e  reac t ion  rate i s  no t  inh ib i ted  
i n  t i m e  a s  a r e s u l t  of the thickening product f i l m ,  the 
i g n i t i o n  c r i t e z i o n  as depicted i n  Fig, 5 does no t  changeo 
Furthermore, it i s  necessary that  t h e  oxidat ion 
ra te  be l i n e a r  a t  a l l  higher  temperatures between Ttrans 
and Tign. 
l i n e a r  rates a t  intermediate  temperatures but  p ro tec t ive  
rates a t  higher  temperatures are A 1  and B e  i n  02.12 A 1  
exh ib i t s  a l i n e a r  ra te  i n  O2 a t  5OO0C (28)  and a p ro tec t ive  
Two well-known examples of metals which exh ib i t  
12See Appendix I 
t i o n  of these m e t a l s .  
f o r  a d e t a i l e d  discussion of  t h e  oxida- 
ra te  above 66OoC (29) .  Likewise, the oxidat ion rate of 
B e  i n  O2 i s  l i n e a r  between 700 and 75OoC(30) bu t  parabol ic  
between 840 and 97OoC (31). The correspondence between 
the i g n i t i o n  temperatures of these metals and the respec t ive  
oxide melting po in t s  (18) suggests that  the oxides are 
general ly  p ro tec t ive  a t  higher temperatures u n t i l  they 
m e l t ,  and ind ica t e s  t h a t  caution must be exercised i n  
es t imat ing t h e  t r a n s i t i o n  temperature. Nevertheless, t h e  
proper value of  t h e  t r a n s i t i o n  temperature i s  t h e  l o w e s t  
poss ib le  i g n i t i o n  temperature, according t o  t h e  metal igni-  
t i o n  c r i t e r i o n .  
It must be pointed ou t  tha t  the t r a n s i t i o n  t e m -  
pera ture  i s  general ly  estimated on the b a s i s  of isothermal 
oxidat ion experiments, whereas it i s  general ly  applied i n  
non-isothermal s i t u a t i o n s ,  such as f o r  p a r t i c l e s  i n  a 
rocket motor, f o r  w i r e s  subjected t o  a l i n e a r l y  increasing 
p o t e n t i a l  d i f f e rence  across  their  length,  and so for th .  
Unfortunately, very few non-isothermal oxidat ion rate ex- 
periments have been conducted, and a n y  e f f e c t  is  present ly  
unclear.  The s p e c i f i c  examples which are ava i l ab le  w i l l  
be presented and discussed i n  Chapter 111, 
To summarize, a t r a n s i t i o n  temperature has  been 
introduced which de l inea te s  regimes of time-dependent and 
time-independent r eac t ion  rates f o r  metal-oxidizer systems. 
It i s  postulated tha t  above t h i s  temperature m e t a l  i g n i t i o n  
occurs exact ly  as for o ther  heterogeneous systems, and 
t h a t  i n  general ,  i gn i t i on ,  as defined by appearance of  a 
flame, w i l l  n o t  occur u n t i l  t h i s  temperature i s  exceeded. 
temporal dependence is  included within the s t a t iona ry  
i g n i t i o n  theory which has  been used up t o  t h i s  po in t ,  i n  
order t o  examine the v a l i d i t y  of t h e  concepts generated 
by t h e  l a t te r .  
I n  the  next s ec t ion  of t h i s  chapter ,  a s impl i f ied  
b. The Tempor a1 Extension 
As before,  it is  assumed t h a t  any thickness  of  
solid-phase products formed on the metal surface during 
the  pre- igni t ion reac t ions  i s  a t  uniform temperature 
equal t o  the  m e t a l  surface temperature. Thus t h e  products 
of r eac t ion  a re  assumed no t  t o  p a r t i c i p a t e  i n  h e a t  t r a n s f e r  
t o  the  environment. 
Furthermore, t o  simplify t h e  discussion, it i s  
required tha t  severa l  p rope r t i e s  are constant  i n  t i m e ;  
spec i f i ca l ly ,  t h e  e f f e c t i v e  r ad ia t ion  temperature of the  
environment, TI, t h e  emissivi ty  of t h e  reac t ing  surface,  
t h e  oxidizer  temperature a t  i n f i n i t y ,  T and the  
oxidizer  concentration a t  t h e  f u e l  p a r t i c l e  surface,  
(g/cm ), are constant.  Holding th i s  concentration 
ox, 00' 
3 
%x 
constant  i s  equivalent t o  assuming t h a t  t he  chemical 
reac t ion  proceeding a t  the f u e l  surface has a constant  
oxidizer  requirement i n  t i m e ,  which may no t  be s t r i c t l y  
va l id ,  Nevertheless, t h i s  assumption is  made t o  c l a r i f y  
t h e  discussion. 
Conceptually, f o r  t h e  t h i n  cont ro l  volume centered 
around t h e  metal surface,  t he  ra te  of h e a t  generation a t  
t h e  sur face  by chemical r eac t ion  and t h e  ra te  of h e a t  
l o s s  from t h e  con t ro l  volume w i l l  be examined f o r  a f ixed 
surface temperature as a function of  t i m e .  
cons i s t s  of t h r e e  t e r m s :  the conduction %ass 
loss i n t o  t h e  m e t a l ,  Pcondrf; t h e  conduction loss  i n t o  
the ambient gas, qcondtg, and t h e  r ad ia t ion  l o s s  t o  t h e  
environment, 4,: 
(11-65) 
Eqn. (11-45) expresses each of these terms e x p l i c i t l y , ,  
and is  repeated he re  for  convenience: 
Because Ts and 
of t h e  surface 
e n t  of t i m e .  
Tr are constant ,  
has  been assumed 
and because t h e  emissivi ty  
constant ,  4, i s  independ- 
Furthermore, bec aus e the thermal conductivity 
of t h e  gas i s  much less than that  of the metal, and because 
can a l s o  be considered %and, g and Ts are constant ,  ToXzdQ 
independent of  t i m e .  Thus any v a r i a t i o n  of Qloss w i t h  
t i m e  i s  due only t o  QcOndz 
i n t e r n a l  temperature a t  t = 0, with constant  surface t e m -  
pera ture  Ts imposed upon t h e  sur face  a t  t = O+, t h e  t e m -  
pera ture  grad ien t  a t  t h e  surface,  and thus qcondlf decay 
exponentially with t i m e  (32) .  Because of t h i s  exponential  
t i m e  dependence, 
l i m i t i n g  value i n  t i m e .  
values of  Ts a s i m i l a r  temporal behavior w i l l  be encountered. 
Thus it i s  poss ib le  t o  draw a family of  curves of qloss 
(Ts, t*)  f o r  t h e  var ious t* considered above. This behavior 
is demonstrated i n  Fig. 6a. 
no t  held constant ,  then as t i m e  approached i n f i n i t y  the 
problem would approach an ad iaba t i c  configuration, as the 
( t ) .  
For a thermally conducting medium a t  uniform 
a t  a given Ts w i l l  converge t o  a %oss 
i s  examined f o r  o ther  when Qloss  
'Note  t h a t  i f  t he  p rope r t i e s  a t  i n f i n i t y  w e r e  
temperature everywhere would approach Ts. Since any sys- 
t e m  involving an exothermic chemical r eac t ion  w i l l  always 
se l f -hea t  (and i n  t h i s  case i g n i t e )  i n  an ad iaba t ic  s i t u -  
a t ion,  th i s  p a r t i c u l a r  case is  no t  of physical  i n t e r e s t .  
0 
q loss 
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curve, I n  discussing t h e  behavior of the 4 chem 
one must d i s t i ngu i sh  between the regimes control led by 
chemical k i n e t i c s  and by gas-phase d i f fus ion ,  as has been 
shown i n  the ear l i  po r t ions  of t h i s  chapter.  Further- 
more, i n  t h e  case metal ign i t ion ,  i n  the k i n e t i c  regime 
one must d i s t i ngu i sh  between the low-temperature p ro tec t ive  
and high-temper a ture  non-protective oxidat ion rates, w h i c h  
are separated by the  t r a n s i t i o n  temperature. Although 
it is assumed here  t h a t  t he  r eac t an t s  are i n  l a r g e  enough 
supply such that  consumption of t h e  reactants may be neglected,  
t he  parabol ic  rate l a w  t o  be d cussed below could be con- 
s t rued  a s  a r eac t an t  deple t ion  with a t i m e  independent re- 
ac t ion  rate. 
From Eqn. (11-36): 
(11-36) 
For purposes of  th i s  discussion, the parabol ic  rate l a w ,  
Eqn. (11-59) a i s  chosen t o  represent  t h e  low-temperature 
p ro tec t ive  ra te  and i s  r ewr i t t en  i n  s l i g h t l y  d i f f e r e n t  
form: 
(11-66 ) 
where 
Am 
k = parabol ic  ra te  constant,  g2/cm sec; 
C = i n t eg ra t ion  constant,  g /cm . 
= amount of yetal  consumed a t  t i m e  t per  u n i t  
area, g/cm : 
4 
2 4  
P 
Therefore, 
(11-67 ) 
is  inversely proport ional  %hem and, a t  low temperatures, 
t o  the  square r o o t  of t i m e .  A s  has  been discussed,  i n  
the  k i n e t i c  regime t h e  temperature dependence i s  given 
by the  Arrhenius-type behavior of k 
a tu re  dependence of Q. 
systems exh ib i t  t h e  non-protective l i n e a r  oxidation r a t e .  
Rewriting Eqn. (11-62): 
and the  weak temper- 
P 
Above t h e  t r a n s i t i o n  temperature, metal-oxidizer 
Am = /$t +c' (11-68) 
where k 
i s  an in t eg ra t ion  constant  i n  g/cm . 
i s  the  l i n e a r  rate constant  i n  g/cm 2 sec and c f  
2 P Thus i n  t h i s  case: 
(11-69) 
i s  independent of t i m e .  Again, the temperature and %hem 
dependence is  given by t h e  exponential  behavior of k 
and t h e  s l i g h t  dependence of Q. 
A t  h igher  temperatures, gas-phase d i f fus ion  of 
t he  oxid izer  t o  t h e  surface (and i n  t h e  case of  v o l a t i l e  
m e t a l s  such as Mg and Ca,  perhaps gas-phase d i f fus ion  of 
t h e  m e t a l  vapor t o  a r eac t ion  zone above t h e  m e t a l  sur face)  
R 
becomes rate-control l ing,  and the temperature dependence 
Of %hem 
d i f fus ion  coe f f i c i en t ,  which i s  usual ly  proport ional  t o  
t h e  1.67 power of temperature (25) .  Dissociat ion of the 
products a l s o  e n t e r s  through Q. Thus a t  higher tempera- 
t u re s ,  the qchem curves w i l l  e x h i b i t  a lesser s lope w i t h  
respec t  t o  sur face  temperature. 
The temporal dependence of Qchem i n  t h e  d i f fus ion-  
a l l y  control led regime a t  high temperatures may be examined 
as follows: upon i n s e r t i o n  of  t h e  metal particle a t  t = O+, 
the oxidizer  concentration gradien t  a t  t h e  surface w i l l  
be i n f i n i t e  and w i l l  decay exponentially i n  t i m e  t o  some 
l imi t ing  value, i n  strict analogy w i t h  t h e  heat conduction 
i n t o  the i n t e r i o r  of the metal. (Recall t h a t  the oxidizer  
concentration a t  t h e  p a r t i c l e  surface i s  he ld  constant.)  
temperature and t i m e  is  shown i n  Fig. 6b. I n  the  exponen- 
t i a l ,  k i n e t i c  regime below t h e  t r a n s i t i o n  temperature, Qchm 
is  inversely proport ional  t o  the  square roo t  of t i m e ,  due 
t o  the  parabol ic  oxidat ion rate. Above t h e  t r a n s i t i o n  
temperature, because of the l i n e a r  oxidat ion rate l a w ,  
is  independent of t i m e .  A t  s t i l l  higher tempera- %hem 
t u r e s  where d i f fus ion  of t h e  oxid izer  becomes rate-control-  
l i p g ,  t h e  exponential  decay of t h e  oxidizer  grad ien t  a t  the 
surface y i e l d s  a s i m i l a r  behavior f o r  qchem. 
i n  the classical  s t a t iona ry  thermal i g n i t i o n  theory,  i n  
those cases i n  which an i g n i t i o n  temperature e x i s t s  t h e r e  
w i l l  be three in t e r sec t ions  o f  t h e  curves,  which w i l l  
occur a t  t he  oxidat ion temperature, the c r i t i ca l  t e m -  
perature ,  and t h e  f l a m e  temperature, The poss ib le  com- 
b ina t ions  of t h e  curves are shown i n  Fig. 7, Note t h a t  
only t w o  of the t i m e  family of curves are shown, i n  
order  t o  simplify the  graphs. Fig. 7a and 7b from the 
is  given predominantly by that  of t h e  appropriate  
The behavior of t h e  qchem curve with surface 
curves are combined as l o s s  When t h e  Gchem and 4 
b) T+ 
e 
9 
1 
P 
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q loss 
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temporal extension, are t o  be compared with Fig. 5b and 
5c, from t h e  s t a t iona ry  theory. 
temporal extension t h e  r e l a t i v e  in t e r sec t ions  of the curves 
remain t h e  same i n  t i m e ,  t h e  s t a b i l i t y  of the system with 
respec t  t o  changes i n  sur face  temperature, and thus the  
conceptual d e f i n i t i o n s  of Toxid, Tcrit, and T f ,  based on 
the  s t a b i l i t y  c r i t e r i o n ,  do not  change. 
The important po in t  t o  note is  t h a t  s ince  i n  t h e  
Furthermore, for  an i n i t i a l  surface temperature 
) no t  equal t o  one of these  three "s tab le"  values ,  
t h e  temporal v a r i a t i o n  o f  the surface temperature i s  as 
follows : 
(Ts, 0 
Ts, 0 Toxid,O' then Ts- Toxid, t ;  
Toxid, 0 4 T s , ~  T c r i t , ~ '  
then Ts- Tf , t; Tf ,  0' L T  *crit,  o s ,  0 
then Ts ---c T f ,  t, T s , O  3- T f , O '  
where subsc r ip t  0 represents  i n i t i a l  conditions,  and sub- 
s c r i p t  t represents  conditions approaching t h e  t i m e  l i m i t .  
These values are indicated by the  brackets  on the temper- 
a t u r e  axes i n  Fig. 7 ,  Note tha t  these t rends predicted 
f o r  the temporal behavior of surface temperature by t h e  
temporal extension of t he  s t a t i o n a r y  theory a r e  exact ly  
those predicted by the simple s t a t iona ry  theory.  
cepts of oxidation, c r i t i c a l ,  and f l a m e  temperatures, o r i -  
g ina t ing  i n  the classical  s t a t iona ry  thermal i g n i t i o n  theory,  
can be re ta ined  without modification i n  an extension of  
the thermal theory including t i m e  dependence. The com- 
I n  conclusion, it is  seen t h a t  the general  con- 
p l i c a t i n g  factor ,unique t o  m e t a l  i gn i t i on ,  of time-dependent 
reac t ion  r a t e s  below the t r a n s i t i o n  temperature i n  t h e  kine- 
t i c a l l y  cont ro l led  regime may a l s o  be included, and the m e t a l  
i g n i t i o n  c r i t e r i o n ,  t h a t  t he  i g n i t i o n  temperature be greater 
than the  l a r g a  of the  t r a n s i t i o n  and c r i t i ca l  temperatures, 
i s  no t  a f fec ted  by the  temporal extension, 
important applied aspects  of m e t a l  i g n i t i o n  are discussed 
i n  view of t h e  i g n i t i o n  c r i t e r i o n .  These top ics  a re  metal  
pyrophoricity and augmented metal i g n i t i o n  e f f ic iency ,  re- 
spect ively.  
I n  the f i n a l  t w o  sec t ions  of t h i s  chapter,  two 
4,  Metal Pyrophoricity 
Pyrophoricity i s  t h e  property of s m a l l  m e t a l  par- 
t i c l e s  t o  se l f -hea t  t o  i g n i t i o n  when exposed t o  an oxidizer  
a t  room temperature. Probably the  b e s t  known example of 
pyrophoricity i s  the i g n i t i o n  of i ron  f i l i n g s  dispersed i n  
a i r ,  although t h e  c i g a r e t t e  l i g h t e r  f l i n t  makes use of es- 
s e n t i a l l y  the  same phenomenon. It i s  present ly  a problem 
of  g r e a t  p r a c t i c a l  i n t e r e s t  t o  t h e  Atomic Energy Commission, 
because uranium and zirconium p a r t i c l e s  are pyrophoric and 
have been responsible  f o r  many explosions i n  f ac to r i e s (33 ) .  
I n  approaching the problem of m e t a l  pyrophoricity,  
t he  inf luence of  sample volume on the  t r a n s i t i o n ,  c r i t i c a l ,  
and i g n i t i o n  temperature must be examined. It is  postulated 
t h a t  t h e  t r a n s i t i o n  temperature w i l l  remain constant  as 
t h e  volume of t he  f u e l  sample is  changed (see Chapter 111). 
However, the c r i t i ca l  temperature w i l l  no t  remain constant ,  
only two poss ib le  functions of sample volume i n  t h e  k i n e t i c  
regime ( that  is, k 4 4 ) ,  the  two conduction h e a t  l o s s  
t e r m s  i n  Eqn. (11-45). Because t h e  thermal conductivity 
of  the metal g rea t ly  exceeds tha t  of the oxidizing gas, 
Inspection of Eqn, (11-44) and (11-45) revea ls  
only conduction i n t o  t h e  i n t e r i o r  of the p a r t i c l e  w i l l  be 
considered here .  
sample volume may be evaluated by considerat ion of  a simpler,  
but r e l a t e d  problem. 
t i a l l y  a t  temperature To = 0 except a t  r = r 0' where t h e  
temperature i s  Ts which is  constant  i n  t i m e .  
of t he  non-steady Fourier h e a t  conduction equation f o r  t h i s  
system is  (32): 
The dependence of t h i s  conduction loss t e r m  on 
Consider a sphere of rad ius  r 0 i n i -  
The so lu t ion  
where a l l  symbols have t h e i r  previous meanings and where 
n = summation va r i ab le  taking a l l  i n t e g r a l  values be- 
tween 1 and 00,  dimensionless; 
c4 = f u e l  thermal d i f f u s i v i t y ,  c m  /sec. 
Since the series (11-70) i s  uniformly convergent 
f o r  t > 0 and 0 L, r f ro, it may be d i f f e r e n t i a t e d  t e r m  by 
t e r m  and mult ipl ied by the thermal conductivity of the f u e l  
t o  obta in  the  conduction h e a t  l o s s  t e r m :  
2 
(11-71 ) 
Evaluating qcond (r , t)  a t  the p a r t i c l e  surface: 
i n  the l i m i t  as r+rO.  
I f  then 
(11-73) 
(11-74) 
(11-75) 
i t  i s  apparent t h a t  a s m a l l  decrease i n  ro(or  t h e  sample 
volume) w i l l  decrease the conduction heat loss t e r m  accord- 
ingly.  
volume of the sample i s  decreased, and 
Thus the c r i t i c a l  i n t e r s e c t i o n  of the Qchem and 
curves w i l l  move toward l o w e r  temperatures as the Qloss 
(11-76) 
that  is, the c r i t i ca l  temperature of the system w i l l  de- 
crease as t h e  r ad ius  (or volume) of the sample i s  decreased. 
From Eqn. (11-74): 
(11-77) 
(55 1 
Since t h e  t e r m  ou ts ide  the brackets on the r i g h t  hand s i d e  
of Eqn. (11-77) is pos i t i ve ,  the  c r i t e r i o n  f o r  Eqn. (11-75) 
and (11-76) becomes 
(11-78) 
o r  
(11-79) 
Since t h e  property of uniform convergence appl ies  only 
f o r  t >  0, t h e  c r i t e r i o n  (11-76) i s  s a t i s f i e d  f o r  a l l  
0' 
The same conclusion can be reached on purely 
physical  grounds. Taking as t h e  appropriate  s i z e  index 
the surface area-volume ra t io  (S/V) which ind ica t e s  t he  
approximate magnitudes of t h e  t o t a l  chemical h e a t  release 
and t o t a l  h e a t  capaci ty  of  t he  f u e l  p a r t i c l e ,  t he  e f f e c t  
of  h e a t  l o s s  w i l l  decrease with increasing S / V ( s m a l l e r  
systems).  Thus the c r i t i ca l  temperature w i l l  decrease 
with decreasing p a r t i c l e  s i z e .  Note tha t  the t r a n s i t i o n  
temperature s t i l l  must be exceeded before i g n i t i o n  can 
occur and that  as t h e  sample s i z e  is decreased i g n i t i o n  
f i n i t e  values of r 
may s h i f t  from t h a t  depicted i n  Fig. 5b (Tcrit>Ttrans 1 
13 t o  t h a t  i n  Fig. 5c (Tcrit 4 Ttrans). 
A f t e r  t h e  volume of t he  sample exceeds a cer- 
t a i n  value,  as far  as events on the p a r t i c l e  sur face  are 
This is the second d i s t i n c t i o n  between t h e  c r i t i ca l  and 13  
i g n i t i o n  temperatures mentioned i n  Footnote 6 of the pre- 
s e n t  chapter.  
concerned, t h e  volume is  e s s e n t i a l l y  i n f i n i t e ,  A t  and 
above t h i s  c r i t i ca l  s i z e  t h e  c r i t i ca l  temperature becomes 
r e l a t i v e l y  independent of  s i z e ;  such samples are s a i d  t o  
be i n  t h e  bulk conf igura t ion .  
The s i z e  dependence of the i g n i t i o n  temperature 
may a l s o  be examined: the de f in ing  equat ion f o r  i g n i t i o n  
i s  Eqn. (11-55): 
(11-55) 
Again it i s  assumed t h a t  the conduction h e a t  loss i n t o  
t h e  f u e l  p a r t i c l e  is  t h e  most s t r o n g l y  dependent on sam- 
p l e  s i z e ,  and t h e r e f o r e  t h e  c r i t e r i o n  f o r  a decrease  i n  
i g n i t i o n  temperature with decreas ing  p a r t i c l e  s i z e  is  
Eqn. (11-80), which i s  t o  be compared with Eqn. (11-76): 
(11-80) 
Eqn. (11-77) then becomes: 
(11-81) 
and t h e  c r i t e r i o n  (11-79) i s  unchanged. 
is  pos tu l a t ed  t o  be independent of sample s i z e .  
i g n i t i o n  temperature dependence discussed above a p p l i e s  
R e c a l l ,  however, t h a t  t h e  t r a n s i t i o n  temperature 
Thus t h e  
only t o  cases i n  which the bulk i g n i t i o n  is  cont ro l led  by 
the cr.itica1 temperature, t h a t  is, t h e  c r i t i ca l  and i g n i t i o n  
temperatures w i l l  decrease w i t h  decreasing p a r t i c l e  s i z e  u n t i l  
they arse approximately equal t o  %he t r a n s i t i o n  temperature. 
The c r i t i ca l  temperature w i l l  continue t o  decrease,  bu t  the 
i g n i t i o n  temperature w i l l  remain equal t o  khe  t r a n s i t i o n  t e m -  
pera ture ,  t h a t  is, w i l l  be independent of  sample s i ze .  
by the c r i t i ca l  temperature, t h e  i g n i t i o n  temperature i s  
expected t o  demonstrate t h e  following s i z e  dependence: i n  
the  bulk regime f o r  l a rge  samples i n  which t h e  c r i t i ca l  
temperature is  r e l a t i v e l y  independent of s ize ,  t he  igni-  
t i o n  temperature w i l l  a l s o  be r e l a t i v e l y  independent of 
s ize:  i n  an intermediate s i z e  regime, t h e  c r i t i ca l  and 
i g n i t i o n  temperatures w i l l  decrease with decreasing sample 
s i z e  u n t i l  t h e  l a t t e r  i s  approximately equal t o  t h e  t rans-  
i t i o n  temperature: upon fu r the r  reduction i n  sample s i ze ,  
t he  i g n i t i o n  temperature w i l l  remain constant '  and equal 
t o  the  t r a n s i t i o n  temperature. However, it must be noted 
t h a t  i n  experimental environments such that  the metal 
sample i s  heated uniformly, no s i z e  dependence of e i t h e r  
t he  c r i t i ca l  o r  i g n i t i o n  temperatures w i l l  be found i f  
t h e  assumption i s  c o r r e c t  that  the conduction heat l o s s -  
i n t o  t h e  m e t a l  is  t h e  source of the  s i z e  effect. 
Thus f o r  metals whose bulk i g n i t i o n  i s  cont ro l led  
Results of t h e  l i t e r a t u r e  survey on the  s i z e  
e f f e c t  i n  m e t a l  i g n i t i o n  w i l l  be given i n  Chapter IV of 
t h i s  repor t .  A t t e m p t s  t o  measure t h e  c r i t i ca l  and igni-  
t i o n  temperatures versus S/V w i l l  be discussed i n  Chapt- 
er  VII. 
I n  summary, it has been shown t h a t  t h e  c r i t i ca l  
temperature of a given metal-oxidizer system decreases 
with decreasing system s i ze .  I n  o ther  words, a s m a l l  
p a r t i c l e  may se l f -hea t  t o  t h e  t r a n s i t i o n  temperature and 
thus ign i t i on ,  whereas a l a r g e r  sample w i l l  not ,  N o t e  
t h a t  f o r  t h e  purposes of  the d i scuss ion  of  m e t a l  pyrophor- 
i c i t y  no assumption has been made concerning the i n i t i a l  
condi t ion  of the m e t a l  p a r t i c l e  when it is  exposed t o  t h e  
ox id ize r ,  t h a t  is ,  it i s  n o t  necessary t h a t  t h e  su r face  
be f ree  of oxide i n i t i a l l y ,  A s  long as rh i n  Eqn. (11-36) 
i s  non-zero, t h e  p o s s i b i l i t y  of eventual  i g n i t i o n  e x i s t s .  
5. Auqmented I g n i t i o n  Ef f i c i ency  f o r  Metals 
Since t h e  c r i t i c a l  temperature of a given metal- 
ox id i ze r  system decreases a s  t h e  metal  sample volume is  
decreased, the t r a n s i t i o n  temperature w i l l  eventua l ly  be- 
come t h e  c o n t r o l l i n g  f a c t o r  i n  m e t a l  i g n i t i o n .  For some 
m e t a l s  ( fo r  example, Mg and C a  14) which have low t r a n s i -  
t i o n  temperatures i n  oxygen, i n e f f i c i e n t  i g n i t i o n  would 
n o t  be expected, b u t  with o t h e r  metals such as A 1  and B e  
w i t h  h igh t r a n s i t i o n  temperatures,  1 4 d i f f i c u l t i e s  have been 
encountered i n  m e t a l  combustion a p p l i c a t i o n s  such a s  chem- 
ica l  rocke t  systems. 
Lowering t h e  t r a n s i t i o n  temperature i s  equiva- 
l e n t  t o  des t roying  t h e  p r o t e c t i v e  q u a l i t y  of the product  
f i l m  a t  a low temperature,  or e l i m i n a t i n g  i t s  formation 
e n t i r e l y .  An e x c e l l e n t  example of  t h e  former technique 
is  t h e  amalgamation of  A l ,  and t h i s  metal  so treated ex- 
h i b i t s  lower i g n i t i o n  temperatures  than t h a t  with t h e  
ord inary  thermal oxide f i l m  p re sen t  (17,18) .  
The la t te r  technique i s  exemplified by coa t ing  
c l ean  A 1  with Mg or Ca ,  Assuming tha t  a l loy ing  does n o t  
occur, it would be hoped t h a t  t h e  coa t ing  m e t a l  would react 
p r e f e r e n t i a l l y  during t h e  p re - ign i t ion  t i m e ,  and t h a t  i t s  
i g n i t i o n  would be con t ro l l ed  by i t s  l o w  t r a n s i t i o n  temper- 
a t u r e .  A f t e r  t h e  coa t ing  m e t a l  had i g n i t e d ,  t h e  c l ean  A 1  
14See Appendix I. 
( o r  Be)  subs t r a t e  would i g n i t e  and burn during the sub- 
sequent temperature rise without the l i m i t a t i o n s  imposed 
by i t s  high t r a n s i t i o n  temperature. 
t i o n  temperatures of several  metals are l i s t e d  and d i s -  
cussed. 
I with the he lp  of the metal  oxidat ion l i t e r a t u r e .  
I n  the following chapter ,  es t imat ions of t r ans i -  
These est imates  a re  reviewed i n  de ta i l  i n  Appendix 
CHAPTER I11 - ESTIMATES OF TRANSITION TEMPERATURES 
Inhib i t ion  of heterogeneous metal-gas reac t ions  
occurs a s  the reac t ion  progresses because of build-up of 
the product on the reac t ion  surface.  
t h i s  product f i lm impedes the react ion,  a s  it presents  a 
physical  barrier between the reactants .  
t i n e n t  empirical  metal ox ida t ion  l i t e r a t u r e  i s  reviewed i n  
Appendix I i n  order  t o  es t imate  the t r a n s i t i o n  tempera- 
t u re  a t  which the product f i lm becomes non-protective, as 
defined i n  Chapter 11. 
cases  for  which l i t e r a t u r e  i s  ava i lab le ,  the  oxidizing 
gases of  i n t e r e s t  w i l l  include 02, N2, a i r ,  C02, and H20. 
the  following reasons: ~ g ,  Al, and Be a r e  of interest  i n  
chemical propulsion appl icat ions,  and the l a t t e r  two a r e  
noted for t h e i r  i g n i t i o n  d i f f i c u l t i e s ;  L i  and ea a r e  
s tudied and compared with Mg i n  order  t o  extend the metal 
i gn i t i on  c r i t e r i o n  t o  the a l k a l i  and a lka l ine  e a r t h  metals;  
and U and Z r  a r e  known t o  be  pyrophoric, a s  was mentioned 
i n  Chapter 11. 
proper t ies  of the  metal o r  oxide. 
t u r e  oxidat ion,  U forms two oxides,  U02 and u3O8' 
highly soluble  i n  Z r  and T i  a t  low temperatures. 
a r e  r e f r ac to ry  metals which a re  of i n t e r e s t  i n  high-tempera- 
t u r e  s t r u c t u r a l  appl icat ions,  and the l a t te r  forms the vola- 
t i l e  oxide Moo3. 
glassy  oxide. 
c r i t i q u e  of  the t r a n s i t i o n  temperature given i n  t h i s  
chapter .  
A t  low temperatures 
Some of the  per- 
The metals which a r e  discussed a re  
Mg, L i t  ea ,  A l ,  Be ,  u# Z r ,  T i ,  Tan MO, and si. I n  those 
These p a r t i c u l a r  metals w e r e  chosen fo r  study fo r  
Some metals were se lec ted  because of c e r t a i n  
During i t s  low-tempera- 
Gases a r e  
Ta and Mo 
Final ly ,  the  semi-conductor S i  forms a 
A l l  of the above mater ia l  forms the  b a s i s  for .I 
This c r i t i q u e  includes a discussion of 
sample s i z e  and surface preparat ion e f f e c t s  on the  t rans-  
i t i o n  temperature,, as w e l l  as a review of non-isothermal 
oxidation experiments. A l l  of these e f f e c t s  could be 
s i g n i f i c a n t  i n  appl ica t ions  of the transition*mperature 
i n  design s i tua t ions :  
The reader i n t e re s t ed  i n  the  d e t a i l s  of t he  
l i t e r a t u r e  survey should r e f e r  d i r e c t l y  t o  Appendix I. 
1. A Cri t ique of the Trans i t ion  Temperatures 
For convenience, those t r a n s i t i o n  tempera- 
t u r e s  estimated i n  Appendix I are l i s t e d  i n  Table 13. 
The appropriate pressure range and t h e  postulated mechan- 
i s m  causing the  t r a n s i t i o n  t o  the  l i n e a r  oxidat ion ra te  
are given. Where one o r  two primary references have been 
used as the  source of  the da ta  they are a l s o  l i s t e d .  
1 
Although the  d e f i n i t i o n  of a t r a n s i t i o n  t e m -  
pera ture  and i t s  connection with metal i g n i t i o n  is  o r i g i n a l  
t o  the  present  inves t iga t ion ,  it should be noted t h a t  
o ther  authors have recognized t h a t  metals which form non- 
p ro tec t ive  oxides w i l l  have c h a r a c t e r i s t i c a l l y  low ign i t ion  
'Tables 2 through 1 2  and R e f .  
found i n  Appendix I. 
(34) through (193) may be 
temperatures. For example, Dean and Thompson (194) s t a t e d  
t h a t  " those metals which form a non-porous oxide f i l m  which 
adheres t i g h t l y  t o  the  base metal a r e  immune to  fu r the r  
oxidation. 
unless  t h i s  pro tec t ive  f i l m  i s  broken. . , However, i f  t he  
oxide f i lm is  porous, o r  does not  adhere t o  the  base m e t a l ,  
oxidat ion w i l l  occur. This results i n  des t ruc t ion  of the  
metal through complete conversion t o  the  oxide form. Igni- 
t i o n  occurs more readi ly  fo r  metals forming such films." 
Igni t ion  of the m e t a l  w i l l  no t  normally occur 
Nor i s  the  present  inves t iga t ion  the f i r s t  t o  
j o i n  l i n e a r  oxidat ion r a t e s  (which may o r  may not  i nd ica t e  
a non-protective oxide f i l m )  wi th  m e t a l  i gn i t i on ,  When 
reviewing the  l i t e r a t u r e  on the  oxidat ion of u# it was 
learned t h a t  Lor ie rs  (73,78,195) had discussed the re- 
l a t ionsh ip  between the l i n e a r  oxidat ion of U and C e  and 
t h e i r  ign i t ion .  
"it is  not  c l e a r  i f  there  i s  any co r re l a t ion  between t h i s  
transformation temperature (from parabol ic  t o  l i n e a r  oxida- 
t i on )  and the  i g n i t i o n  temperature, , . Perhaps t h i s  t ran-  
s i t i o n  must  take p lace  before  ign i t i on ,  although such a 
statement lacks experimental v e r i f i c a t i o n , "  
Furthermore, Grosse and Conway (196) remarked 
One of the  more important cont r ibu t ions  of the  
present  inves t iga t ion  i s  the combination of the t r a n s i t i o n  
temperature, which relies on the f i e l d  of m e t a l  oxidat ion 
for  i t s  est imat ion,  with the c l a s s i c a l  theory of thermal 
ign i t i on  fo r  heterogeneous reac tan t  systems, which was de- 
veloped wi th in  the  f i e l d s  of physical  chemistry and com- 
bustion. Although the r e s u l t i n g  model is too cumbersome 
fo r  ca lcu la t ion  (even i f  the  necessary da ta  were a v a i l a b l e ) ,  
c e r t a i n  t rends a re  pred ic ted  which expla in  c l e a r l y  some 
discrepancies  found i n  the  metal i g n i t i o n  l i t e r a t u r e -  2 
*For a d i scuss ion  of t h i s  l j t e r a t u r e ,  both experimental 
and theo re t i ca l ,  see  APPendlx 11. 
System 
Me02 
MPN2 
MrC02 
MrH20 
Mg-air 
Li-H20 
Ca-O2 
A1-02 
Be-02 
u-o2 
U-air 
Zr-  O2 
Z r -  a i r  
Ti -02  
Ta-02 
Ta- a i r  
Mo-O2 
Mo-air 
S i -O2  
S i-H20 
TABLE 13. 
ESTIMATED TRANSITION TENPERATURES 
E s t  ima t  Ed 
T t rans ,  c 
475 
400 
300 
450 
>, 500 
,550 
5425 
4 25 
400 
2030 
2530 
15 0 
15 0 
925 100 
925 5 100 
900 
5 00 
800 
600 
725 
5 95 
>1400, 
41610 
4500 
Pressure 
Range 
2-200 t o r r  
2.64 a t m  
201200 t o r r  
--I 
1 a t m  
15 atm 
3 1- 2 08 t o r r  
2.5- 12.6 t o r r  
100-760 t o r r  
20-800 t o r r  
200 t o r r  
1- 2 11 t o r r  
10 torr-40 atm 
1 atm 
76 t o r r  
1 atm 
1 atm 
1 atm 
25-400 atrn 
-0.. 
(74) 
(100, 105) 
(193) 
Upon examination of Table 13, it is  noted imme- 
d i a t e l y  t h a t  mechanism ( a ) ,  as discussed i n  Chapter 11, i s  
not  a cont r ibu t ing  f ac to r  t o  the breakdown of the  oxide 
f i lm i n  any of the  cases  considered, 
(a) s t a t e s  t h a t  f o r  a P i l l i n g  and Bedworth r a t i o  less than 
one, the  oxide f i lm w i l l  be non-protective a t  any tempera- 
ture .  This mechanism is  e s s e n t i a l l y  the  b a s i s  of the s t a t e -  
ment o f  Dean and Thompson (194) which w a s  quoted above, 
Thus f o r  metals such as M g  and Ca, whose oxides have P i l l i n g  
and Bedworth r a t i o s  which a r e  less than one (0.81 and 0.64, 
respect ively,  (6)), one might expect i g n i t i o n  t o  be poss ib le  
a t  any temperature, 
It i s  shown i n  Appendix I, however, t h a t  
the  t r a n s i t i o n  temperatures of  these two metals i n  O2 a r e  
on the order  of 4OO0C; the  t r a n s i t i o n s  apparently r e s u l t  
from mechanical s t r e s s  cracking a t  a c r i t i c a l  oxide thick- 
ness. That mechanism (a) i s  not  an important f ac to r  i n  
cases  such as these ( that  is, fo r  m e t a l s  with P i l l i n g  and 
Bedworth r a t i o s  l e s s  than one) i s  not  a surpr i s ing  r e s u l t :  
fo r  t h i n  oxide f i l m s ,  a uniform covering of the  metal sub- 
s t r a t e  would be expected: t h i s  covering would assume the  
microscopic geometry of the  metal surface.  Only when some 
c r i t i c a l  thickness  of oxide i s  a t t a ined  would the  stresses 
within the  oxide become s u f f i c i e n t  t o  s t r e t c h  the  oxide t o  
the po in t  a t  which some breakdown would occur. 
i s  i n  f a c t  mechanism ( f )  mechanical stress cracking. 
present  inves t iga t ion  t o  the area of metal i g n i t i o n  i s  the  
recogni t ion t h a t  a simple c r i t e r i o n  f o r  the pro tec t ive  
a b i l i t y  of the  oxide f i l m  based s o l e l y  on t h e  P i l l i n g  and 
Bedworth r a t i o  i s  inva l id  and t h a t  r a t h e r  the concept t h a t  
the f i lm’s  p ro tec t ive  a b i l i t y  va r i e s  with temperature must 
Recall  t h a t  mechanism 
This process 
Thus another cont r ibu t ion  of the 
be appl ied t o  the  problem i f  quan t i t a t ive  pred ic t ions  
3 are to  be made, 
In  the  f i n a l  por t ions  of t h i s  chapter,  the 
e f f e c t  of sample pu r i ty ,  sample s i ze ,  and sample pre- 
treatment on the t r a n s i t i o n  temperature w i l l  be dis-  
cussed. Final ly ,  where ava i lab le ,  the r e s u l t s  of non- 
isothermal experiments w i l l  be compared w i t h  those of 
the more comon isothermal experiments, 
a ,  The Effec t  of Sample Pur i ty  and Sample Size 
A s  might be expected, sample p u r i t y  has  a re la -  
t i v e l y  important inf luence on the  reac t ion  rate. In  the 
case of  A 1  i n  O2 i n  the temperature range 400-550°C, the  
r a t e  constant ,  b u t  not  t he  r a t e  law was found t o  depend 
on sample p u r i t y  (61), bu t  i n  o ther  cases  the e f f e c t  w a s  
more pronounced, For example, fo r  Z r  i n  O2 a cubic oxi- 
da t ion  r a t e  was observed €or high p u r i t y  Z r  i n  t he  tempera- 
t u r e  range 700-900°C, and the  law approached a q u a r t i c  de- 
pendence f o r  less pure samples (103). 
1000°C a l i n e a r  r a t e  w a s  observed f o r  the reac t ion  with 
high p u r i t y  Van Arkel T i ,  bu t  with commercial p u r i t y  Krol l  
T i  a parabol ic  r a t e  was found a t  the  same temperature (135). 
Unfortunately t h i s  was the h ighes t  temperature s tudied i n  
t h i s  inves t iga t ion  and thus fu r the r  d i screpancies  w e r e  no t  
reported,  However, i n  t he  lower temperature range from 
300° t o  95OoC, the two types of T i  showed the same rate 
laws i n  t he  same temperature regimes (135). 
3That the concept of P i l l i n g  and Bedworth i s  an over- 
s impl i f ica t ion  of the  physical  s i t u a t i o n  is, of course, 
c l e a r l y  understood i n  the  f i e l d  of metal  oxidation. This 
does not  d e t r a c t  from the o r i g i n a l  cont r ibu t ion  of these 
authors ,  who w e r e  the  first t o  apply t h i s  type of r a t i o  
t o  the oxida t ion  of metals i n  order  t o  e luc ida te  the 
s t r u c t u r e  of the oxide f i l m  (22). 
For T i  i n  0 over a wide pressure  range, a t  2 
Also f o r  T i  i n  02, i n  the temperature range 
650-950°C, breakaways were not  observed with impure 
samples, whereas they w e r e  found with more pure T i  (139)-  
Thus one may conclude t h a t  sample p u r i t y  w i l l  
have an important e f f e c t  on the t r a n s i t i o n  temperature. 
I n  applying the  t r a n s i t i o n  temperature t o  a p r a c t i c a l  case,  
the p u r i t y  of the  sample i n  quest ion may have a s t rong 
e f f e c t  on the  i g n i t i o n  of the  metal, 
Recall  t h a t  it was pos tu la ted  i n  Chapter I1 t h a t  
the t r a n s i t i o n  temperature w i l l  remain independent of 
sample s ize .  The s i z e  dependence of the  c r i t i c a l  temper- 
ature was examined, and a model f o r  m e t a l  pyrophorici ty  
resul ted.  The i n i t i a l  pos tu la te  i s  now examined. 
In  genera1,for  samples of d i f f e r i n g  surface area 
t o  volume r a t i o s ,  the s a m e  type of r a t e  law has been ob- 
served, 
for  Mg cog-shaped samples o r  p l a t e s  i n  a i r  o r  C02 (42), 
fo r  U f o i l  o r  cyl inders  i n  H20 (83) ,  fo r  Z r  f o i l  o r  spheres 
i n  O2 (91 ) ,  f o r  Z r  cy l inders  of d i f f e r i n g  s i z e s  i n  O2 (96) ,  
fo r  Z r  f o i l  o r  cy l inders  i n  a i r  (113,114) and i n  H20 (117) ,  f o r  
Ta f o i l s  of d i f f e r i n g  s i z e s  i n  O2 (175) ,  and fo r  M o  f o i l  
o r  w i r e  i n  a i r  (182) the  same r a t e  law has been used i n  
each p a r t i c u l a r  case t o  c o r r e l a t e  the experimental da ta  fo r  
the d i f f e r e n t  types of  samples. 
however ( T i  powder o r  ba r s  i n  O2 (133), M o  cy l inders  of 
varying s i z e s  i n  0 
s l i g h t l y  f a s t e r  r a t e  was found fo r  the  smaller  samples (95).  
For example, f o r  Mg ribbon o r  powder i n  O2 ( 3 7 ) ,  
The r a t e  cons tan t  may d i f f e r ,  
(178)) ; fo r  Z r  f o i l  o r  blocks i n  02, a 2 
I n  only one case of which the author is  aware 
has a d i f f e r e n t  r a t e  l a w  been observed; fo r  sput te red  Ta 
f i lms 600 t o  2500 a th ick  i n  02, a logari thmic law was found 
throughout the temperature range 100-600°C8 i n  con t r a s t  with 
the l i n e a r  law usua l ly  observed with l a r g e r  samples i n  t he  
temperature range 500-600°C (151) . 
To summarize, then, f o r  samples of d i f f e r i n g  
s i zes ,  d i f f e r e n t  rates, b u t  s imi la r  rate l a w s  have been 
observed, Since the t r a n s i t i o n  temperature i s  defined 
i n  terms of a l i n e a r  r a t e  law, with no regard t o  the  
r a t e  constant ,  the , t r a n s i t i o n  temperature w i l l  indeed 
remain the same i r r e spec t ive  of sample s i ze ,  as was 
pos tu la ted  i n  Chapter 11. 
b. The Effec t  of Sample Pretreatment 
By sample pretreatment  one means the  type of 
surface pol ishing,  genera l ly  mechanical, chemical, o r  
electrochemical,  which is  used previous t o  experimenta- 
t i o n  i n  oxidat ion s tudies ,  Induction per iods,  which a re  
observed during the  i n i t i a l  s tages  of the oxidat ion,  
before  the  appearance of t h e  "s teady-state"  r a t e  laws 
( w h i c h  have been discussed i n  the e a r l i e r  sec t ions  of 
t h i s  chapter ) ,  a r e  assoc ia ted  w i t h  the  c lean  metal sur- 
face w h i c h  r e s u l t s  from these sample pretreatments ,  
That is ,  induct ion per iods r e f l e c t  the  i n i t i a l  processes 
of adsorption and reac t ion  on the c lean  metal surfaces ,  
For experiments s t a r t i n g  with,  say the room-temperature 
thickness  of oxide on the metal surface,  an induction 
per iod would not  be expected, A r t i f i c i a l  coat ings on the 
metal subs t ra te ,  such a s  anodized f i lms o r  me ta l l i c  mirrors ,  
a r e  not  included i n  the present discussion,  
A s  was the case fo r  d i f f e r e n t  sample s i zes ,  d i f -  
f e r en t  sample pretreatments  genera l ly  a f f e c t  the  r a t e  con- 
s t a n t ,  b u t  no t  t he  r a t e  law w h i c h  i s  observed. For Mg 
f o i l  i n  02, a i r ,  o r  C02 i n  the approximate temperature 
range 503-575OC8 t he re  was no e f f e c t  of d i f f e r i n g  degrees 
of mechanical po l i sh ing  (40) . Gulbransen (28,34) found 
t h a t  the  parabol ic  t o  l i n e a r  s h i f t  f o r  A 1  i n  O2 i n  the  
range 400° t o  5OO0C was independent of the surface prepara- 
t i o n  technique, Similar  laws bu t  d i f f e r i n g  r a t e s  w e r e  found 
i n  the  oxidat ion of U i n  02, N2, o r  a i r  (74),  U i n  H 2 0  
( 8 2 ) ,  and Z r  i n  O2 o r  N2 (87) as the  pretreatment method 
was varied.  
For U cubes i n  O2 from 125O t o  25OoC a l i n e a r  
l a w  w a s  found with some e f f e c t  of surface preparat ion on 
the  i n i t i a l  por t ion  of the  oxidat ion only (75,76). For 
the  oxidat ion of Z r  and M o  i n  02, only a s m a l l  e f f e c t  w a s  
noted (91,176) . C h e m i c a l  po l i sh ing  genera l ly  gives  a some- 
what s l o w e r  r a t e  than mechanical abrasion, as  has been 
observed with A 1  i n  O2 (61) 8 and Z r  i n  O2 (92,93) 8 and t h i s  
e f f e c t  has been a t t r i b u t e d  to  the  sur face  roughness in- 
duced by mechanical abrasion, t h a t  is, a higher  e f f e c t i v e  
sur face  area pe r  u n i t  geometrical surface area r e s u l t s  from 
mechanical po l i sh ing  (93). 
400-9OO0C, mechanically abraded samples exhib i ted  a some- 
what f a s t e r  r a t e  than chemically polished samples only a t  
the  lower temperatures inves t iga ted  (95) ,  F ina l ly ,  longer 
induction per iods w e r e  observed with chemical pretreatments 
than with mechanical po l i sh ing  i n  the  oxidat ion of Ta i n  
O2 i n  the  temperature range 500° to’700°C (155). 
no t  appear t o  a f f e c t  t he  t r a n s i t i o n  temperature, as the  
induction per iod and t h e  ra te  constant ,  b u t  no t  t he  rate 
l a w  change with the  method of sample preparat ion.  
In  the  Z r - 0 2  r eac t ion  i n  the  temperature range 
In  conclusion, sample surface pretreatment does 
c. The Ef fec t  of an Applied Heating Rate 
A s  has been mentioned previously,  very few non- 
isothermal experiments have been reported i n  the  m e t a l  oxi- 
da t ion  l i t e r a t u r e .  The r e s u l t s  of such s t u d i e s  are im- 
po r t an t  i n  m e t a l  i g n i t i o n  because i n  almost every experiment 
or appl ica t ion  an ex te rna l ly  appl ied hea t ing  rate i s  necessary 
f o r  i gn i t i on .  
gradients across  the oxide f i l m  and thus a lower t r a n s i t i o n  
Non-isothermal condi t ions could lead t o  thermal 
temperature. 
('6 9 1. , 
A method involving a l i n e a r l y  increas ing  t e m -  
pera ture  has  been used by both Baur e t  al. (36) and by 
Kofstad (101,197)- The appropriate  theory is derived as 
follows (101,197): as i n  Chapter 11, the oxidat ion r a t e  
constant  may be wri t ten:  
vt dx K , = x  (111-1 
where x i s  the thickness  of oxide formed a t  t i m e  t, n i s  
the oxidat ion index (n = 0 gives  a l i n e a r  r a t e  law, n = 1 
a parabol ic  r a t e  law, and n = 2 a cubic r a t e  law),  and kn 
is  the oxidat ion r a t e  constant.  The temperature depen- 
dence of the  r a t e  cons tan t  may be expressed by an Arrhenius 
type re la t ion :  
(111-2) 
where An i s  the pre-exponential fac tor ,  En i s  the  a c t i -  
va t ion  energy, R is the  universa l  gas constant ,  and T is  
the temperature Thus 
(111-3) 
For oxidat ion w i t h  a l i n e a r  increase i n  temperature, 
o r  
d7= adt 
where a i s  the r a t e  of temperature 
(111-4) 
(111-5) 
rise and To is  the 
i n i t i a l  temperature, Eqn, (111-3) then becomes: 
(111-6) 
where Bn i s  a constant  equal t o  An/”. 
obtains  : 
Taking the logarithm of Eqn, (111-6 1 ,  one 
(111-7) 
which may be r e w r i t t e n :  
Thus a graph of the l e f t  hand s ide  of  Eqn. (111-8) 
versus 1/T should y i e ld  a s t r a i g h t  l i n e  of s lope (-En/R). 
Accordingly, then, breaks i n  the  curve w i l l  ind ica te  the 
temperature regimes of d i f f e r e n t  r a t e  laws ( t h a t  is, d i f -  
f e r en t  n) . 
Baur e t  a l ,  (36) s tudied the oxida t ion  of Mg, 
Z r ,  T i ,  Ta, and M o  i n  O2 a t  a temperature rise r a t e  equal 
t o  5 OC/min. 
s l i g h t  react ion;  i g n i t i o n  occurred a t  591OC. No cor- 
r e l a t i o n  with the isothermal t r a n s i t i o n  temperature i s  
poss ib le  here ,  
ca t ion  of a t r a n s i t i o n  from a pro tec t ive  r a t e  was observed 
i n  the temperature range from 450° t o  79O0C. 
with the  isothermal t r a n s i t i o n  temperatures a t  lower pres- 
su res  l i s t e d  i n  Table 13 shows no discrepancy with the iso- 
thermal r e s u l t s ,  
For Ta i n  O2 i n  the  pressdre  range 1 through 6.7 
atm and i n  the  temperature range 450-790°C, a break i n  the  
curve, leading t o  an approximately l i n e a r  law, was observed 
For M g  i n  6.7 atm of O2 they found only a 
For Z r  and T i  i n  6.7 atm of 02, no indi-  
Comparison 
a t  about 56OoC, which ind ica t e s  a rise i n  the  t r a n s i t i o n  
temperature from the  isothermal value of 5OO0C (156). For 
M o  i n  6.7 atm of 02, the  only break observed occurred a t  
56OoC and led  t o  an apparent ly  pro tec t ive  rate law; igni-  
t i o n  occurred a t  725OC8 which is  equal t o  the Mo-O2 t r ans i -  
t i o n  temperature a t  1 atm l i s t e d  i n  Table 13. 
T i  and Z r  i n  02, presumably a t  a pressure  of 1 atm, with 
a l i n e a r  temperature rise r a t e  of 3.86 OC/min. 
found a parabol ic  regime i n  the  temperature range 700-900°c8 
followed by a l i n e a r  regime i n  the  range 900-1100°C, These 
r e s u l t s  a r e  i n  complete agreement with the  isothermal t ran-  
s i t i o n  temperature, However, fo r  Z r ,  a cubic dependence 
was observed i n  the  range 650-950°C, and a parabol ic  de- 
pendence from 950° t o  l lOO°C,  which i s  i n  disagreement 
with the estimated isothermal t r a n s i t i o n  temperature of  
925OC -F 100°C (Table 13) 8 but  i n  agreement with the iso- 
thermal r e s u l t s  of Pemsler (107,132) (See a l s o  Section 
7,b of Appendix I X . )  
Kofstad (101,197) inves t iga ted  the  oxidat ion of 
For T i  he 
To summarize, the  e f f e c t  of hea t ing  r a t e  on t rans-  
i t i o n  temperature i s  unclear  because of the  s c a r c i t y  of 
non-isothermal oxida t ion  s tudies ,  Excel lent  agreement with 
isothermal experiments has  been obtained, however, fo r  M o  
i n  O2 (36) , f o r  T i  i n  02, and f o r  Z r  i n  O2 a t  temperatures 
below the  estimated isothermal t r a n s i t i o n  temperature (36, 
101,197). The t r a n s i t i o n  temperature was observed t o  in- 
crease with hea t ing  r a t e  about 6OoC f o r  Ta i n  O2 (36) 8 and 
an increase was a l so  found f o r  Z r  i n  O2 (1018197). Unt i l  
more da ta  become ava i lab le ,  t h i s  important e f f e c t  cannot 
be examined fur ther .  
d, Summary 
In  t h i s  chapter  the t r a n s i t i o n  temperatures of 
seve ra l  metal-oxidizer s y s t e m s  have been l i s ted ;  i n  
Appendix I these are estimated f r o m  isothermal oxidation 
experiments i n  cases f o r  which s u f f i c i e n t  da t a  a re  avai l -  
able i n  the m e t a l  oxidation l i t e r a t u r e .  I n  general ,  the 
t r a n s i t i o n  temperature i s  e s s e n t i a l l y  independent of sample 
s i z e  and of sample surface pretreatment.  Sample p u r i t y  
and non-isothermal conditions may have an effect on its 
value. 
t u l a t ed  t o  be t h e  lowest possible  i g n i t i o n  temperature 
fo r  any metal-oxidizer system (see Chapter 11). I n  the 
next chapter ,  the physical  model of metal i g n i t i o n  i s  
tested with t h e  he lp  of the metal oxidat ion - metal 
kgnition l i t e r a t u r e .  
i g n i t i o n  temperatures are c i ted i n  Appendix I1 f o r  those 
systems discussed i n  this chapter.  
Recall t h a t  the t r a n s i t i o n  temperature i s  pos- 
L i t e r a t u r e  values of c r i t i ca l  and 
CHAPTER I V  - LITERATURE TEST OF THE I G N I T I O N  MODEL 
The m e t a l  i g n i t i o n  c r i t e r i o n  states that  the  
i g n i t i o n  temperature, as defined by the appearance of a 
flame, must be g rea t e r  than both the t r a n s i t i o n  tempera- 
t u re ,  a t  which t h e  oxide f i l m  becomes non-protective, and 
the c r i t i c a l  temperature, a t  and above which sample self-  
heat ing is  poss ib le ,  Furthermore, the appropriate t r ans i -  
t i o n  temperature is thus the minimum i g n i t i  on temperature 
of any metal-oxidizer system of any s i z e .  
I n  Appendix 11, l i t e r a t u r e  values of c r i t i c a l  
and i g n i t i o n  temperatures are cited f o r  those metals 
whose t r a n s i t i o n  temperatures w e r e  estimated i n  Appendix 
I, A s  before ,  wherever possible ,  the oxidizing gases of 
i n t e r e s t  include 02, N2, a i r  C 0 2 ,  and H20. 
a c r i t i q u e  of the physical model of m e t a l  i g n i t i o n  w i l l  be 
given i n  l i g h t  of the m e t a l  i g n i t i o n  l i t e r a t u r e .  
t i o n  presented i n  the l i t e r a t u r e  a re  reviewed and d i s -  
cussed i n  Appendix 11. I n  the present  chapter comparison 
of  t h e  present  model with these other theo r i e s  is  made. 
The reader concerned w i t h  t h e  d e t a i l e d  c r i t i ca l  and igni-  
t i o n  temperatures,the appropriate experimental methods, 
and s p e c i f i c  discussion of these data as w e l l  as other  
theor ies ,  should. consul t  Appendix 11. 
I n  t h i s  chapter 
Also, o ther  modelsand theor ies  of metal igni-  
1. A Cr i t ique  of M e t a l  I qn i t i on  Cr i t e r ion  
Before reviewing the  a b i l i t y  of the metal 
i g n i t i o n  c r i t e r i o n  to  c o r r e l a t e ,  explain,  and in t e r -  
p r e t  m e t a l  i g n i t i o n  da ta  presented i n  the  l i t e r a t u r e ,  
l e t  us b r i e f l y  review t h e  more s i g n i f i c a n t  pred ic t ions  
of the  model. 
F i r s t l y ,  a s  developed i n  Chapter 11, the model 
p r e d i c t s  t h a t  t h e  i g n i t i o n  temperature w i l l  be g rea t e r  than 
the  l a r g e r  of the t r a n s i t i o n  and c r i t i ca l  temperatures: 
care  must be taken, however, t o  make such comparisons i n  
r e s t r i c t e d  ranges of surface area t o  volume r a t i o  and of 
oxidizer  pressure,  as t h e  c r i t i ca l  temperature i s  thought 
t o  depend s t rongly  on the sample S/V, and both temperatures 
may depend on the  gas pressure.  
ion,  t he  minimum poss ib le  i g n i t i o n  temperature a t  any 
surface t o  volume r a t i o  i s  the  t r a n s i t i o n  temperature. 
However, i n  c e r t a i n  types of experiments which are prone 
t o  low c r i t i c a l  temperatures (namely Q&and DD experi- 
ments) o r  s u f f e r  from an i n a b i l i t y  t o  diagnose sample 
A t  a given pressure,  by v i r t u e  of the  criter- 
1 
self-heat ing (namely DD and S$ experiments) , c r i t i c a l '  
temperature in te r fe rence  w i t h  i g n i t i o n  temperature de- 
terminations may occur. 
I f  t he  i g n i t i o n  temperature is cont ro l led  by 
the  t r a n s i t i o n  temperature, then no v a r i a t i o n  i n  i g n i t i o n  
temperature with S/V i s  expected. 
the  c r i t i c a l  temperature, then th ree  ranges of depen- 
dence of the  former on S/V a r e  expected: (1) for larg'e 
samples i n  which the r a t e  of hea t  t r a n s f e r  t o  the  i n t e r -  
i o r  of the sample i s  r e l a t i v e l y  independent of the sample 
s i ze ,  the c r i t i c a l  and ig.nit ion temperature w i l l  be 
I f  the i g n i t i o n  temperature i s  cont ro l led  by 
'Experiments are designated a s  follows: QP is a quiescent  
p i l e ,  DD i s  a dus t  dispers ion,  and SP i s  a s ing le  p a r t i c l e  
experiment (See Appendix 11). 
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r e l a t i v e l y  independent of s ize :  (2) i n  an intermediate  
regime, the  c r i t i c a l  and i g n i t i o n  temperatures w i l l  de- 
crease monotonically; ( 3 )  when the i g n i t i o n  temperature 
becomes equal t o  the t r a n s i t i o n  temperature, it w i l l  re- 
main equal t o  t h i s  value fo r  fu r the r  increases  i n  S/V, 
even though the c r i t i c a l  temperature continues t o  de- 
crease.  
The r e s u l t s  of the surveys of the metal oxi- 
da t ion  and metal i g n i t i o n  l i t e r a t u r e s  which have been 
presented i n  d e t a i l  i n  Appendices I and I1 a re  summarized 
i n  Table 25? For each system charac te r ized  by s u f f i -  
c i e n t  oxidat ion o r  i g n i t i o n  da ta ,  the  estimated t r ans i -  
t i o n  and c r i t i c a l  temperatures and t h e i r  assoc ia ted  
pressure ranges a r e  l isted,  
the c r i t i ca l  temperature i s  a l s o  given. The l a r g e r  of 
these two temperatures i s  se lec ted  a s  con t ro l l i ng  i n  
igni t ion.  Wherever possible ,  an ign i t i on  temperature 
is  c i t e d  which was obtained i n  a s imi l a r  pressure  and 
S/V range, Final ly ,  the m i n i m u m  i g n i t i o n  temperature 
observed fo r  each system and the experiment i n  and the 
pressure a t  which it w a s  found a r e  l i s t e d .  
For convenience, the success of the  physical  
The appropriate  S/V f o r  
model of metal i g n i t i o n  is  demonstrated schematically 
i n  Table 26. Prom Tables 25 and 26 it i s  seen t h a t  the 
ign i t ion  c r i t e r i o n  (Tign g r e a t e r  than l a r g e r  of Tcrit 
and Tt rans  
i g n i t i o n  con t ro l l i ng  temperature i s  given i n  parentheses) : 
Mg-02 (Tcrit) : %-air  (Tcrit : Mg-C02 (Tcrit)  : Ca-02 
(Ttrans 1; A1-02 (Ttrans 1 : -02 (Ttrans 1; U-02 ( T c r i t ) ;  
U-air (Tcrit) : Zr-02  (Tt rans  ) :  Ta-02 (Tcrit) : and Mo-O2 
( e i t h e r  Ttrans o r  Tcrit) . I n s u f f i c i e n t  da ta  a r e  avai l -  
able  t o  tes t  the  i g n i t i o n  c r i t e r i o n  fo r  the following 
) is  s a t i s f i e d  f o r  the following systems (the 
2Tables 14  through 24, Fig. 8 through 15, and Ref. 
through (246) a re  discussed i n  Appendix 11. 
(198) 
System 
Mg-02 
J% -N2 
Mg-co2 
Mg-H20 
Mg-air 
Li -N2 
Li -H20 
Ca-02 
A 1  -02 
Be -02 
u -02 
U-air 
Zr-02 
Ti-02 
Ta-02 
Ta-air  
MO -02 
Mo -air 
Si-O2 
Si-H20 
TABLE 26. 
LITERATURE TEST OF THE METAL I G N I T I O N  CRITERION 
T 
t r a n s  
Es t ima t ed 
X 
X 
X 
X 
X 
- - -  
X 
X 
X. 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
T 
c r i t  
E s  t ima t ed 
X 
1 --- 
X 
Control l ing 
T c r i t  
--- 
t r ans  
T t r ans  
T t r ans  
T c r i t  
T c r i t  
T t r ans  
cr i t  
T 
T 
Tcr it 
2 
? 
i n  the 
t r a n s  0. Imin ) c T  
C r i t e r i o n  Fol I fn  owing Experiments: 
S a t i s f i e d  - 
A 1  1 
X 
X 
X 
X 
X 
--- 
--- 
X 
h0 
X 
X 
no 
no 
no 
X 
no 
X 
no 
-(QP + DD) 
X 
X 
X 
X 
X 
- - -. 
--- 
X 
X 
X 
X 
X 
no 
no 
X 
X 
X 
X 
--- 
--- 
' Insuf f ic ien t  data .  
E i the r  T or  T 2 t r a n s  c r i t '  
systems: Mg-N2; Mg-H20; Li -N2;  Li-H20;  Ta-air; Mo-air; 
Si-02; and Si-H20. Final ly ,  the i g n i t i o n  c r i t e r i o n  is  
not  s a t i s f i e d  i n  the  case of the Ti-02 system, 
Note t h a t  f o r  t h i s  former system, the f a i l u r e  
of the i g n i t i o n  c r i t e r i o n  is  based on only one piece of 
experimental evidence: the Ti -02  i gn i t i on  temperature 
of 815OC measured by Dean and Thompson (194) a t  an O2 
pressure of 20 atm, 
ind ica te  t h a t  i n  an oxygen atmosphere, i g n i t i o n  of  t i t a n -  
ium w i l l  take place when the m e t a l  temperature exceeds 
1500°F (815OC) . I '  
is i n  a c t u a l i t y  a c r i t i c a l  o r  spontaneous i g n i t i o n  t e m -  
perature ,  then the  metal i gn i t i on  c r i t e r i o n  is  absolved, 
Because the t r a n s i t i o n  temperature cont ro ls  
the i g n i t i o n  of a t  l e a s t  four  of the twelve systems fo r  
which a pred ic t ion  has  been made, it i s  concluded t h a t  
the statement t h a t  the  ign i t i on  temperature w i l l  be 
g rea t e r  than the t r a n s i t i o n  temperature is  not  t r i v i a l ,  
These authors s t a t e d  " the  r e s u l t s  
I f  t h i s  value which they have named 
Furthermore # the  s t ronger  statement t h a t  the 
ign i t i on  temperature w i l l  be g rea t e r  than o r  equal t o  
the  t r a n s i t i o n  temperature f o r  any metal-oxidizer system 
with any sample S/V ( t h a t  is ,  the  t r a n s i t i o n  tempera- 
t u r e  i s  the m i n i m u m  poss ib le  i g n i t i o n  temperature) has  
been v e r i f i e d  i n  a l l  types of experiments f o r  the follow- 
ing systems: Mg-02, Mg-N2, Mg-air, Mg-C02, Mg-H20, Ca-02, 
Be-02, U-02, Ta-02, and Mo-O2 (See Table 26) . 
cent  p i l e  experiments a re  excluded because of t h e i r  
c h a r a c t e r i s t i c a l l y  low c r i t i c a l  temperatures?: then the 
Mo-air system a l s o  f a l l s  i n t o  t h i s  category. Final ly ,  
i f  only bulk o r  s ing le  p a r t i c l e  experiments a re  considered 
t o  y i e l d  meaningful i g n i t i o n  temperature da ta  t o  be com- 
pared with the  model, then the A1-02, U-air, and Ta-air 
systems a l s o  demonstrate the  v a l i d i t y  of t h i s  hypothesis. 
I f  quies- 
~ 
3See Appendix 11: i n  QP experiments the c r i t i c a l  tempera- 
t u re  i s  low because of the high sur face  area ava i lab le  for  
hea t  loss t o  the surroundings. 
reac t ion  compared t o  the low surface area avai lable  for 
R e c a l l  tha t  the  i g n i t i o n  c r i t e r i o n  i t s e l f  may 
no t  be s a t i s f i e d  f o r  t he  Ti-02 system, and t h a t  t he  t ran-  
s i t i o n  temperature of the Z r - 0  system w a s  changed on the  2 
bas i s  of t he  ava i l ab le  i g n i t i o n  data (see Appendix 11). 
D i f f i c u l t i e s  with pred ic t ions  about t he  i g n i t i o n  of these 
metals i n  O2 may be a r e s u l t  of the s o l u b i l i t y  of t h i s  gas 
i n  the metals, which w a s  documented i n  Appendix I. It is  
poss ib le  tha t  either the  t r a n s i t i o n  temperature concept 
(and thus the  m e t a l  i g n i t i o n  c r i t e r i o n )  f a i l s  when gas 
s o l u b i l i t y  i s  important a t  temperatures near t o  the igni-  
t i o n  temperature because of poss ib le  continuous va r i a t ion  
of concentration from pure metal t o  pure oxide,  or t h a t  
the  discrepancies  i n  the experimental data ,  upon which t h e  
estimated t r a n s i t i o n  temperatures and attempted v e r i f i c a t i o n  
of the c r i t e r i o n  a re  based, are a r e s u l t  of varying i n i t i a l  
gas concentrations within the metall ic samples from exper- 
iment t o  exper iment. 
I n  general  t he  expected t rends with respect 
t o  sample s i z e  are found f o r  a l l  of the s y s t e m s  consid- 
ered. The d a t a  are too sparse ,  however, t o  study the  
d e t a i l s  w i t h  respec t  t o  sample surface t o  volume r a t i o  
fo r  cases i n  which the bulk i g n i t i o n  i s  cont ro l led  by 
the c r i t i ca l  temperature. 
It is  concluded t h a t  t3e c r i t i c a l  temperature 
i s  a necessary p a r t  of the i g n i t i o n  c r i t e r i o n  f o r  severa l  
reasons: f i r s t l y ,  because sample self-heat ing and/or 
spontaneous i g n i t i o n  have been encountered i n  many oxida- 
t i o n  ard i g n i t i o n  experiments, notably with Mg i n  O2 and 
a i r  (Fig. 8) and with U i n  a i r  (Fig. ll), the importance 
of this effect  i n  i g n i t i o n  is  c l ea r :  secondly, s ince  
it has been shown i n  Chapter I11 t h a t  t he  t r a n s i -  
t i o n  temperature i s  independent of sample s i z e ,  whereas 
it has been shown i n  Chapter I1 that the c r i t i c a l  t e m -  
pera ture  decreases with decreasing sample s i z e ,  the s i z e  
effect  observed i n  some systems i n  i g n i t i o n  temperature 
can be explained on the  basis of the  S/V dependence of 
c r i t i ca l  temperature. F ina l ly ,  f o r  those twelve m e t a l -  
oxidizer  systems f o r  which a comparision of t r a n s i t i o n  
and c r i t i ca l  temperatures i s  possible ,  the l a t t e r  temper- 
a ture  con t ro l s  the bulk i g n i t i o n  of a t  least  seven of these 
sys t ems .  
c r i t e r i o n  and of  t rends  expected on the bas i s  of the  
physical  model of m e t a l  i g n i t i o n  is  q u i t e  good. It is  
concluded t h a t  t h e  model w i l l  s a t i s f a c t o r i l y  c o r r e l a t e  
experimental da taard  w i l l  remove discrepancies  i n  ex- 
i s t i n g  da ta  by d is t inguish ing  between c r i t i ca l  and ig- 
n i t i o n  temperatures. 
The f i n a l  sec t ion  of the present  chapter i s  
devoted t o  a summary of t he  c r i t i c a l  review of o ther  
t heo r i e s  of m e t a l  i g n i t i o n  whkch have been published i n  
the  l i t e r a tu re  (see Appendix 11). 
L i t e r a t u r e  v e r i f i c a t i o n  of the metal i g n i t i o n  
2. Summary of O t h e r  Theories of Metal I s n i t i o n  
L e t  u s  b r i e f l y  review each of  t he  theo r i e s  
of m e t a l  i g n i t i o n  which have been discussed i n  Appendix 
I1 and summarize their weak points .  I n  general ,  a l l  of 
these thea r i e s  a re  extensions of the  i g n i t i o n  theory of 
Semenov and Frank-Kamenetskii (23, 2 4 )  and f a i l  t o  in- 
clude or r e a l i z e  the  i n h i b i t i n g  effect  of the m e t a l  oxida- 
t i o n  product surface f i l m ,  as r e f l e c t e d  i n  the  present  
model i n  the  t r a n s i t i o n  temperature. Some theo r i e s  are i n  
exce l l en t  agreement w i t h  experiment, however, for  l i m i t e d  
ranges of v a r i a t i o n  of t he  experimental parameters, 
The theory of  Eyring and Zwolinski (48) a l l o w s  
ca l cu la t ion  of the c r i t i ca l  temperature. It is  va l id  
only fo r  systems undergoing l i n e a r  oxidat ion,  t h a t  is ,  
only above the  t r a n s i t i o n  temperature, N o  dependence of 
c r i t i ca l  temperature on oxid izer  pressure  o r  on metal 
sample s i z e  is  predicted,  and the theory f a i l s  fo r  c lean 
metal surfaces ,  t h a t  is ,  fo r  zero oxide thicknesses.  
fo r  ca lcu la t ion  of the c r i t i c a l  temperature. This theory, 
however, shows the wrong dependence of c r i t i c a l  tempera- 
t u r e  on sample s i z e  ( t h a t  i s ,  the c r i t i c a l  temperature de- 
creases  with increas ing  sample s i z e ) ,  and a l s o  f a i l s  fo r  
zero oxide thickness.  
Reynolds (220)  developed a theo ry \ fo r  calcula-  
H i l l  e t  a l .  (213) have a l s o  provided a theory 
t i o n  of the i g n i t i o n  temperature, bu t  used incor rec t  
reasoning' t o  ob ta in  the def ining equation f o r  ign i t ion .  
Agreement w i t h  theory was found experimentally only i f  
convective hea t  l o s ses  t o  the oxidizing gas w e r e  neglected 
i n  the former. The ign i t ion  temperature i s  independent 
of sample s i z e  and of ox id izer  pressure,  and the theory 
f a i l s  f o r  metals exhib i t ing  the  parabol ic  oxidat ion r a t e  
i f  zero oxide thicknesses  a re  considered, 
Ta l ley ' s  theory (245) y i e lds  values of c r i t i c a l  
temperature only fo r  l a rge  samples: the c r i t i c a l  tempera- 
t u r e  i s  predic ted  t o  be independent of pressure.  
The theory of Friedman and Macek (15) is  v a l i d  
only for  small p a r t i c l e s  whose i g n i t i o n  temperature can 
be assoc ia ted  with some f ixed temperature, such a s  the  
melting poin t  of the  appropriate  oxide. It  provides an 
est imate  of the c r i t i c a l  temperature under such circum- 
s tances .  The wrong s i z e  dependence of c r i t i c a l  tempera- 
t u r e  i s  predicted.  
The theory of Cassel and Liebman (217) i s  a l s o  
va l id  only f o r  small p a r t i c l e s ,  and p red ic t s  the incor rec t  
s i z e  dependence of i g n i t i o n  temperature.4 
have been developed f o r  s p e c i f i c  types of experimental 
configurations:  dus t  dispers ions,  by Nagy and Surincik 
(246) ; quiescent  p i l e s ,  by Anderson and Belz (236) 8 
by Tetenbaum, Mishler, and Schnizlein (233) 8 and by 
Murray, Buddery, and Taylor, a s  quoted by Tetenbaum e t  a l .  
give good agreement between ca lcu la ted  c r i t i c a l  tempera- 
t u re s  and measured " ign i t ion  temperatures" , and show the 
co r rec t  t rends with respect t o  sample s i z e  and oxid izer  
pressure.  As was in fe r r ed  by means of the  physical  model 
of metal i g n i t i o n  developed wi th in  the  present  repor t ,  
so-called i g n i t i o n  temperatures measured i n  QP and DD 
experiments a re  ac tua l ly  c r i t i ca l  temperatures, a s  is  
a l so  ind ica ted  by the  theo re t i ca l  agreement. 
quan t i t a t ive  theo r i e s  which have been discussed i n  t h i s  
chapter a r e  t h e i r  r e s t r i c t i o n  t o  l imited ranges of sample 
s i z e ,  genera l ly  e i t h e r  l a rge  o r  small samples, t h e i r  in- 
a b i l i t y  t o  p red ic t  the observed s i z e  dependence of c r i t i -  
c a l  o r  i g n i t i o n  temperature and any dependence of these 
temperatures on oxid izer  pressure,  and t h e i r  f a i l u r e  f o r  
a c lean  metal surface (or  f o r  zero oxide thickness)  . 
On the  o ther  hand, the physical  model of m e t a l  
Theories y ie ld ing  the c r i t i c a l  temperature 
In  general  these l a t t e r  spec ia l ized  theor ies  
To summarize, the bas i c  d i f f i c u l t i e s  of the 
ign i t i on ,  a s  developed i n  Chapter I1 of t h i s  repor t ,  i s  
va l id  f o r  any s i z e  of  sample. It  is  i n t e r e s t i n g  t o  note 
t h a t ,  i f  the  conduction hea t  l o s ses  i n t o  the  f u e l  and/or 
ox id izer  included i n   loss (Eqn. 11-45) a r e  approximated 
by a l i n e a r  temperature p r o f i l e  inverse ly  propor t iona l  t o  
the p a r t i c l e  radius ,  then the incor rec t  s i z e  dependence 
of the c r i t i c a l  temperature i s  predicted;  t h a t  i s ,  s ince 
then Gloss increases  with decreasing p a r t i c l e  s i z e  ( f o r  
4 A s  discussed i n  Appendix 11, however, t h e i r  ana lys i s  may 
be va l id  under p a r t i c u l a r  experimental condi t ions.  
both terms represent ing cooling) 8 the  c r i t i c a l  tempera- . 
t u r e  in t e r sec t ion  on the 4 versus Ts diagram moves t o  
higher temperatures. 
This is  exac t ly  the reason t h a t  most of the 
theor ies  c i t e d  above show the wrong si;ae dependence. In  
order  t o  f a c i l i t a t e  ca lcu la t ions ,  t h i s  s implifying 
approximation was made. It w a s  shown i n  Section 4 of 
Chapter I1 tha t  i f  a more realistic temperature pro- 
f i l e  i n t o  the metal sample i s  considered, the experi- 
mentally observed t rend of c r i t i c a l  temperature with 
sample s i z e  is  predicted.  Unfortunately, however, the  
a b i l i t y  t o  ca l cu la t e  c r i t i c a l  and i g n i t i o n  temperatures 
is  sac r i f i ced  when the complicated nature  of these two 
hea t  loss terms is considered. Thus a n a l y t i c a l  calcu- 
l a t i o n s  based on the model developed i n  Chapter I1 
would be extremely d i f f i c u l t ,  and one must be s a t i s f i e d  
t o  examine the t rends pred ic ted  by the model. 
Dependence on oxid izer  pressure has not  been 
considered i n  the physical  model of metal i gn i t i on  up t o  
th i s  point .  However, i n  order  t o  expla in  observed ex- 
perimental  r e s u l t s  on the i g n i t i o n  of Mg# such a depen- 
dence w i l l  be inves t iga ted  (again i n  terms of a t rend)  
i n  Chapter V I I .  
thickness w i l l  develop i n  the model only i f  p ro tec t ive  
oxidat ion r a t e  laws a re  used t o  descr ibe the i n i t i a l  
s t a t e s  of ox ida t ion  of a c lean metal surface.  I n  the 
Final ly ,  d i f f i c u l t i e s  w i t h  zero i n i t i a l  oxide 
nomenclature of Chapter 11, these laws may be wri t ten:  
where n # 0. Since then 
(IV- 2) 
mathematical d i f f i c u l t y  w i l l  always occur f o r  x = 0. 
I f  it i s  remembered t h a t  i n  fact ,  although the  oxidat ion 
rate f o r  a c lean surface i s  i n i t i a l l y  no doubt extremely 
la rge ,  b u t  f i n i t e ,  then t h i s  purely mathematical dilemmacommon 
.to a l l  of  the theo r i e s  (including the present  model) is  resolved. 
To summarize, although the  present  model i s  no t  
r ead i ly  usefu l  f o r  ca l cu la t ion  of c r i t i ca l  o r  i g n i t i o n  t e m -  
pera tures ,  it is  more general  than quan t i t a t ive  theo r i e s  
of m e t a l  i gn i t i on ,  and it p r e d i c t s  severa l  experimentally 
observed t rends of which o the r  t heo r i e s  are incapable o r  
y i e l d  t h e  inverse dependence. 
1 of t h i s  chapter ,  experimental agreement i s  exce l l en t  
with the  quan t i t a t ive  aspec ts  and w i t h  t he  r e l a t i v e l y  
q u a l i t a t i v e  t rend p red ic t ions  of the model. 
i s  used t o  assist i n  explanation of experimental r e s u l t s  
obtained a t  Princeton on the i g n i t i o n  of m e t a l  w i r e s  and is  
t e s t ed  c r i t i c a l l y  by experiments i n  an induction furnace, 
Materials and d e t a i l s  of the equipment a r e  presented i n  
Chapter V. 
t i v e  s tud ies ,  performed w i t h  w i r e s ,  of  the i g n i t i o n  and 
combustion of Ta and M o  and of means of  improving the  ign i -  
t i o n  e f f i c i e n c i e s  f o r  m e t a l s  such as A1 and B e  ( t h a t  is ,  
providing low a r t i f i c i a l  t r a n s i t i o n  temperatures),  a s  
suggested by the  model of m e t a l  i g n i t i o n  (see Section 11.5),  
w i l l  no t  be reviewed here. The reader i s  r e fe r r ed  t o  
References (247,248) and (249) , respec t ive ly ,  f o r  d e t a i l s  
of these inves t iga t ions .  
A s  w a s  shown i n  Section 
I n  the  following chapters ,  the present  rKodel 
Because of space l i m i t a t i o n s ,  c e r t a i n  qua l i t a -  
CHAPTER V - EXPERIMENTAL DESCRIPTION 
The materials and apparatus used in the present 
investigation are discussed in this chapter. Two major 
types of experiments were performed: in the first, A1 wires 
and Mg ribbons were ignited by ohmic heating; as this 
apparatus, referred to as the wire-burning apparatus, was 
designed primarily for the study of metal combustion rather 
than metal ignition, the data obtained are necessarily 
qualitative. Nevertheless, as the original model of metal 
ignition was developed from such qualitative data (as 
will be discussed in Chapter VI), valuable information 
can be obtained from these experiments, 
The second type of experiment was performed in 
an induction furnace facility. In this apparatus, metal 
ignition rather than combustion is studied primarily, 
because of various experimental characteristics which will 
be discussed in Section 3 of this chapter. Quantitative 
ignition data were obtained for Mg and Ca samples of var- 
ious sizes. Preliminary experiments were performed with 
A1 . 
The first section of the chapter is devoted to 
a description of the various materials used in this in- 
vestigation. The wire-burning apparatus and induction 
furnace are described in the following sections. Finally, 
miscellaneous techniques, such as still photography, are 
reviewed in the last section. 
1. Materials 
a. Gases 
Throughout the present investigation, the am- 
bient atmospheres of interest consisted of 02, C02, Ar, 
and H20. For the first three gases listed, commercially 
pure samples were used, and typical analyses of these gases, 
which were obtained from the Liquid Carbonic Division of 
General Dynamics, are listed in Table 27, 
tained where desired by evaporating distilled water. 
H20 was ob- 
TABLE 27. 
TYPICAL ANALYSES OF GASES 
1. Argon 99.998% 
410 ppm N2 
O2 
H2° 
410 ppm 
A 5 PPm 
2. Oxygen 99.5% 
4 5000 ppm 
4 11 ppm 
N2 + H2 
H2° 
O2 
N2 
H2° 445 PPm 
3. Carbon Dioxide 99.5% Average 
4 9 0 0  ppm 
4 500 ppm 
I, 
I n  general ,  i n  both t h e  inves t iga t ion  i n  the  
wire-burning apparatus and a l s o  t h a t  i n  t h e  induction 
furnace, t he  gas compositions used w e r e  as follows: pure 
pure C02,  pure A r ,  pure H 0, and 50 volume percent-50 
volume percent  mixtures of 0 - A r ,  02-C02, 0 -H 0, C02-Ar,  
CO -H 0, and H20-Ar. An abbreviated composition designa- 
t i o n  of t h e  form X-Y is  understood t o  ind ica t e  a 50%-50% 
mixture of gases X and Y, unless  otherwise noted. 
O2 8 2 
2 2 2  
2 2  
The t o t a l  gas pressures  of i n t e r e s t  w e r e  general- 
l y  as follows: 50, 100, 300, 500 t o r r ,  and 1, 2, and 5 atm 
( t h a t  i s ,  760, 1520, and 3800 t o r r ) .  Exceptions w i l l  be 
noted where they occur. S t a t i c  gas atmospheres w e r e  used 
throughout (except f o r  f r e e  convection around the  heated 
sample). 
b. Metal W i r e s  and Ribbons 
The i g n i t i o n  and combustion of Mg and A 1  w e r e  
s tudied i n  the  wire-burning apparatus. M g  w a s  obtained 
i n  ribbon form from Baker and Adamson (Code 1901). 
The average width of t he  ribbon w a s  0.29 cm,  t he  
average thickness  0.016 cm8 and i ts  average weight w a s  
7.7 mg/cm. The only impur i t ies  seen i n  the  Mg flame 
spectrum w e r e  Mn and N a  (7, 19) . 
from the  Fisher S c i e n t i f i c  Company (Catalogue N u m b e r  
A-557). A t y p i c a l  ana lys i s  of the  w i r e  i s  shown i n  
Table 28; however, only cut Ga, and Na w e r e  observed as 
A1 w i r e  of 0.889 mm diameter was obtained 
trace impur i t ies  i n  the  flame spectrum (7,  1 9 ) .  
c i a l l y  p r i o r  t o  experimentation, 
i n  a H2S04 bath and oxide l aye r s  of 5 t o  l o p w e r e  thus 
obtained. 
i s  produced on A1 under these condi t ions i s  extremely w e l l  
documented (250-256, 259) The anodic oxide f i lm con- 
sists of two layers:  the  inner  l aye r ,  c a l l e d  the  barrier 
l aye r ,  i s  amorphous and non-porous, much l i k e  the ordinary 
low-temperature thermal oxide coat ing which forms on A l ;  
the  thickness  of t h i s  barrier l aye r  depends on seve ra l  
parameters of the  anodization process, such as the  poten- 
t i a l ,  e l e c t r o l y t e  concentration, and so f o r t h ,  b u t  i s  much 
less than 1 . The ou te r  l aye r  of  oxide, which is  extreme- 
l y  th i ck ,  i s  porous; t he  number dens i ty  and dimensions of 
the  pores are s t rong  funct ions of the e l e c t r o l i z i n g  con- 
d i t i ons .  The poros i ty  of the  outer  l aye r  of f i lm is  
a t t r i b u t e d  t o  the  so lvent  ac t ion  of the  e l e c t r o l y t e ,  a s  
non-porous anodic f i l m s  can be formed i n  weak acids ,  
Some of t h i s  A1 w i r e  was anodized commer- 
Anodization was performed 
Fina l ly ,  the  w i r e  w a s  immersed i n  b o i l i n g  H20.  
The nature  of the  H2S04-anodized f i lm which 
P I  
'Only some of the more r ecen t  references on t h i s  sub jec t  
are l i s t e d  here,  See these references f o r  a more ex- 
tens ive  l i t e r a t u r e  review. 
TABLE 28. 
TYPICAL ANALYSIS OF 0.889 mm DIAMETER A1 WIRE 
Si 0.10% 
N 0.001 
cu 0.02 
Fe 0.10 
Mn 0.001 
T i  0.02 
A s  T r a c e  
A1 (by difference)  99.758% 
The subsequent H20 immersion process p a r t i a l -  
l y  s e a l s  these pores by react ion of the H20 with the  
259). This sea l ing  is not  e f f e c t i v e  a t  high tempera- 
t u re s ,  however, a s  boehmite decomposes a t  3OO0C t o '  
A1203 and H20 ( 6 ) -  
with the  ign i t i on  of the A1 wires ,  the majori ty  of the 
anodized oxide coat ing can be considered porous i f  no 
fu r the r  reac t ion  occurs during the  ohmic hea t ing  process. 
A1 2 3  0 t o  produce boehmite, AlOOH (A1203.H20) (250,255- 
Thus, a t  the temperatures associated 
The unanodized wire averaged 16.9 mg/cm i n  
weight and was of 0,889 mm diameter; the anodized wire 
of 0.800 mm diameter weighed 16.2 mg/cm on the average. 
Throughout the inves t iga t ion ,  11 c m  lengths  
of each metal wire o r  ribbon were used, Brzustowski 
(7)  found t h a t  the q u a l i t a t i v e  aspects  of the  ign i t i on  
and combustion of 8.8 o r  15.1 cm Mg ribbons i n  0 2 -Ar a t -  
mospheres were the same. 
r a t i o s  of the var ious samples were thus 13-28 4-53, 
The surface area t o  volume 
and 5-02 nun-' f o r  the Mg ribbon, unanodized Al, and 
anodized A1 w i r e s ,  respect ively.  
of the ribbons and var ious w i r e s  was l i g h t  wiping 
t i s s u e  paper i n  order t o  remove s u r f w e  d i r t  and oil, 
c. Metal Rods and Fo i l s  
U n l e s s  otherwise noted, the  only pretreatment 
with 
Various s ized samples of Mg, Ca, o r  A1 were 
c u t  from rods o r  f o i l s  for use i n  the  induction furnace. 
Spec i f ic  sample dimensions and weights w i l l  be described 
i n  Chapter VII. 
mater ia l s ,  a l l  of which w e r e  supplied by A. D. MacKay, 
Inc. 8 are given i n  Tables 29 through 31. The only pre- 
treatment given any of  t he  M g  o r  A1 rod o r  f o i l  samples 
was a l i g h t  wiping, 
t y p i c a l l y  99.9% C a  w i t h  0.5% Mg maximum impurity; 2.34 
c m  rod and 0.508 and 0.889 mm f o i l  w e r e  used i n  the  in- 
ves t iga t ion .  A l l  of t he  Ca samples w e r e  shipped, s tored,  
and machined under mineral o i l .  Pr ior  t o  t e s t i n g  the  
samples w e r e  wiped, washed i n  hexane f o r  one hour a t  room 
temperature, and then degassed i n  a vacuum des icca tor  
(with continuous pumping) f o r  a t  l e a s t  16 hours, 
treatment, some samples w e r e  washed i n  methanol u n t i l  
rapid d i s so lu t ion  of t he  C a  began (about 30 min a t  
room temperature). A s  f a r  as i g n i t i o n  temperatures w e r e  
concerned, t he re  was no s i g n i f i c a n t  d i f f e rence  between 
the  two pretreatments: thus the  C6H14 wash was used. 
The C6H14 w a s  replaced every 25 samples. 
maintained t h e i r  metallic l u s t e r  t o  t h e  t i m e  of experi- 
mentation. However, those sur faces  not  machined during 
the  sample preparat ion w e r e  covered by a t h i c k  black,  
brown, and white oxide (and n i t r i d e )  f i l m ,  Removal of 
t h i s  f i lm from e i t h e r  the rod o r  f o i l s  w a s  no t  found t o  
a f f e c t  the  appropriate  i g n i t i o n  temperatures. Thus most 
experiments w e r e  conducted with t h i s  f i l m  present .  
Impurity analyses of some of the  var ious 
According t o  the  suppl ie r ,  the Ca samples w e r e  
To examine the e f f e c t  of the  hexane pre- 
The f r e sh ly  machined sur faces  of the C a  samples 
2. Wire-Burninq Apparatus 
The wire-burning apparatus used i n  t h e  p re sen t  
TABLE 29. 
TYPICAL ANALYSIS OF 2.38 c m  DIAMETER Mg ROD 
A 1  0.007% 
N i  ~ 0 . 0 0 0 5  
c u  40.001 
Fe 0 . 001 
Mn 0.002 
S i  0.006 
C a  0.004 
Pb 0.001 
Zn 0.01 
4 0.0005 
4 0.001 
Ag 
N a  
M g  (by difference)  99.966% 
TYPICAL ANALYSIS OF 2.54 c m  DIAMETER A 1  ROD 
c u  0.001% 
Fe 0,001 
S i  0.002 
Mn 0.000 
M g  0.001 
Zn 0.005 
Others 0.000 
A 1  (by difference)  99.99% 
TABLE 30. 
TYPICAL AwdlLYSIS OF 0.127 AND 0.254 mm M g  FOILS 
Fe 0 03% 
Mn 0.04 
c u  0.003 
A i  0.003 
M g  ( typ ica l )  99.9% 
TABLE 31. 
TYPICAL ANAI,YSIS OF 0.254 mm A 1  FOIL 
c u  0.001% 
Fe 0.001 
S i  0.002 
Mn 0 * 000 
0,001 
0 e 005 
M g  
Others 0.000 
Zn 
A1 ( typ ica l )  99.99% 
inves t iga t ion  was e s s e n t i a l l y  the same a s  t h a t  used by 
Brzustowski (7 ,  9) and Mellor (19) , with only minor 
modifications. 
a. Apparatus Description 
A photograph of the apparatus i s  shown i n  
Fig. 16. The pressure  vesse l  which houses the wire 
and test  atmosphere i s  a t  the  r i g h t  and the cont ro l  
panel is a t  the l e f t ,  
of the  system. 
about 2 5  c m  diameter and 30 c m  length,  o r  of 16.41 
volume. 
was 20 atm, Quartz windows of 2.54 cm diameter were 
mounted on the cen te r l ine  plane and on the f r o n t  and 
back p l a t e s :  these windows allowed v i sua l  and photograph- 
i c  observation of the heated wires. Access t o  the  in- 
t e r i o r  of the chamber was gained by means of the f r o n t  
p l a t e ,  which was mounted on a hinge, 
the cy l inder  was wrapped w i t h  res i s tance  hea t ing  tapes  
so t h a t  the chamber could be heated i n  experiments in- 
volving H20.  
be obtained without d i f f i c u l t y ,  
was deduced from the  temperature a s  given by a iron-con- 
s tantan thermocouple mounted wi th in  the  chamber. 
was a small pressure vesse l  which was f i l l e d  with Dr i e r i t e .  
A l l  gases were passed through the dryer  a t  a slow r a t e  
before  en ter ing  the chamber i f  H20 was not  a cons t i tuent  
of the tes t  atmosphere. 
Blowers a t  the  back of the chamber were used 
t o  a s s i s t  i n  mixing of the gas combinations; these may 
be seen i n  the  background of Fig, 18, which a l s o  shows 
Fig. 1 7  i s  a schematic drawing 
The test  v e s s e l  was a s t e e l  cy l inder  of 
The maximum operat ing pressure  of t he  vesse l  
The e x t e r i o r  of 
Vapor pressures  a s  high as 100 t o r r  could 
The H 2 0  vapor pressure  
The drying chamber which i s  shown i n  Fig. 17  
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FIGURE 18 
a w i r e  sample mounted i n  the  electrode blocks. Large 
brass  e lectrode blocks w e r e  used so t h a t  they would with- 
stand the e f f e c t  of the burning metal wire. The "XI" 
mounting of the sample which is  shown i n  Fig. 18 w a s  
chosen 'for convenience i n  photogzaphic observation. 
As has been noted, the samples w e r e  ign i ted  
by ohmic heating. Reproducible r e s u l t s  w e r e  obtained 
if a vol tage increas ing  l i n e a r l y  with t i m e  was appl ied 
across  the  electrodes.  A 2.4 KVA step-down transformer 
relayed the output  of a 20 amp variac ,  which was dr iven 
a t  a constant  r a t e ,  t o  the electrodes.  The no load 
voltage rise r a t e  was 0.120 v/sec; measured approximate 
voltage rise r a t e s  which w e r e  used fo r  the var ious 
samples were 0.106 v/sec f o r  Mg and 0.110 fo r  Al. Note 
t h a t  the sample must maintain mechanical i n t e g r i t y  i n  
order  t o  continue ohmic heat ing;  t h a t  i s ,  fo r  some metals 
under some circumstances, the  ign i t i on  experiment w i l l  
automatically end when the sample breaks a t  the  metal 
melting point.  
passing through the sample, and the l i g h t  i n t e n s i t y  emitted 
by the sample were continuously recorded during an experi- 
ment on a Honeywell Model 1406 Visicorder. 
burning apparatus i s  the lack of quan t i t a t ive  tempera- 
t u re  measurement, which, of course,  is  extremely de- 
sirable i n  i g n i t i o n  experiments. Temperature measure- 
ments by means of thermocouples w e r e  discarded f o r  several  
reasons: f i r s t l y ,  because of the small s i z e  of the samples, 
mounting a thermocouple i s  d i f f i c u l t ;  secondly, because of 
non-uniform hea t ing  along the  w i r e ,  placement of the thermo- 
couple near t o  the  h o t t e s t  spot  a t  which i g n i t i o n  w i l l  occur 
i s  l i t t l e  more than guesswork: f i n a l l y ,  because of the  l a rge  
The voltage across  the electrodes,  the cur ren t  
One unfortunate disadvantage of the  w i r e -  
number of samples involved, any use of  thermocouples mounted 
on t h e  individual  w i r e s  would have been prohib i t ing ly  
time-consuming. Although t h i s  method of temperature meas- 
urement could have been a t  attempted, the w i r e  self-support  
l i m i t a t i o n  restricts the  usefulness of  t he  wire-burning 
apparatus.  
also d i f f i c u l t  and of questionable value because of fo- 
cusing problems and because of w i r e  movement during the  
pre- igni t ion heat ing period. A two co lor  pyrometer, which 
y i e l d s  the t r u e  temperature of a s o l i d  body under the gray 
body emissivi ty  assumption, w a s  constructed and t e s t ed .  
It w a s  found unsa t i s fac tory  because of the var ious fo- 
cusing problems and because of the low l i g h t  i n t e n s i t i e s  
involved. 
O p t i c a l  methods of temperature measurement are 
Thus most of the  information obtained f r o m  the 
wire-burning apparatus i s  q u a l i t a t i v e ;  as w i l l  be seen i n  
Chapter V I ,  however, valuable i n s i g h t  i n t o  the  i g n i t i o n  
process can be gained. 
b. Experimental Procedure 
clean and weighed on a Mettler Electric Balance, Type H15, 
The sample w a s  then mounted between the e lec t rode  blocks,  
general ly  i n  the "L" configuration shown i n  Fig. 18. The 
f r o n t  door of t he  chamber was closed and the system w a s  
An 11 c m  length of ribbon o r  w i r e  w a s  wiped 
evacuated. When a t o t a l  pressure on the order  of one t o r r  
w a s  a t ta ined  i n  the  %essel, t he  f i r s t  gas appropriate  t o  
the t e s t  atmosphere w a s  admitted through t h e  dr ier  t o  the 
tes t  chamber. When the desired p a r t i a l  pressure w a s  at- 
ta ined,  the second gas w a s  admitted i n  a s i m i l a r  manner. 
Mixing w a s  accomplished by the use of the blowers. A t  
a l l  t i m e s ,  it w a s  attempted t o  maintain the chamber leak- 
age rate a t  a l e v e l  of less than 2 mm/hr, so t h a t  leakage 
i n t o  or ou t  of the chamber during an experiment w a s  neg- 
l i g i b l e  ( t h i s  rate represents  a maximum e r r o r  of  4% i n  
composition a t  the lowest pressure of i n t e r e s t ,  50 tor r ,  
for an experiment durat ion of 1 h r . ) .  
When t h e  des i red  test condi t ions w e r e  obtained, 
the  vol tage across  t h e  e lec t rodes  w a s  increased from 
zero l i nea r ly .  Af te r  the sample had ign i t ed  and burned, 
t h i s  vol tage w a s  turned o f f  and t h e  chamber w a s  opened, 
and any recoverable macroscopic products of combustion 
w e r e  removed. 
3 .  Induction Furnace 
A s  w a s  mentioned i n  the previous sec t ion  of 
t h i s  chapter,  t he  wire-burning apparatus s u f f e r s  from 
two ser ious  d i f f i c u l t i e s :  f i r s t l y ,  t h e  i n a b i l i t y  t o  
measure sample temperature, and secondly, t h e  requirement 
t h a t  t he  sample support i t s e l f  t o  maintain ohmic heating. 
In the  induction furnace f a c i l i t y ,  t o  be discussed i n  
t h i s  sec t ion ,  both of these  l i m i t a t i o n s  of t he  wire-burning 
apparatus are overcome. 
Induction hea t ingwas  chosen r a the r  than resis- 
tance heat ing f o r  t he  inves t iga t ion  f o r  three primary 
reasons: f i r s t l y ,  because only the  load within the work 
c o i l  i s  heated during an experiment, heat ing and cooling 
r a t e s  of severa l  hundred Cels ius  degrees per  minute are 
a t t a i n a b l e ;  thus furnace down t i m e  f o r  cooling is  negl ig ib le .  
Secondly, because of the present  s t a t e  of the a r t  i n  m a t e r -  
i a l s ,  r e s i s t ance  furnaces a r e  l imi ted  t o  temperatures con- 
s iderably below 20OO0C. 
again because only the  load i s  heated, much higher  t e m -  
pera tures  a r e  a t t a inab le .  F ina l ly ,  i n  c e r t a i n  experiments 
t o  be discussed i n  Chapter vII, extremely accurate  t e m -  
pera ture  cont ro l  i s  desired,  Induction furnaces which 
a r e  character ized by very l o w  thermal l a g s  are h ighly  
superior  t o  r e s i s t ance  furnaces i n  t h i s  l a s t  category. 
The disadvantages of t he  use of induction heat ing i n  
i g n i t i o n  experiments w i l l  be elucidated by some of the 
I n  induction furnaces,  however, 
experimental r e s u l t s  and w i l l  be discussed i n  Chapter V I I .  
a. Apparatus Description 
i n  Fig. 19: t he  R F  generator i s  shown a t  the  r i g h t  of 
t h e  photograph, t he  pressure vesse l  housing the work co i l  
and i t s  cont ro l  panel i s  a t  the l e f t ,  and the  instrumenta- 
t i o n  rack i s  i n  the  center .  Each of these components w i l l  
now be discussed separately.  
inves t iga t ion  w a s  b u i l t  by McDowell Electronics ,  Inc., of 
Metuchen, New Jersey. Its model number w a s  10KW-2DFCT/LA 
and i t s  serial  number w a s  4862. The output  power of t he  
u n i t  w a s  continuously var iab le  from 1 . 2  t o  1 2  KW. Two no 
load frequency ranges w e r e  avai lable:  0.5 t o  0.7 and 2.0 
t o  5.0 Mc/sec. For a l l  of  the  experiments, t he  low 
frequency c i r c u i t  w a s  used. 
Speedomax H AZAR (adjustable  zero,  ad jus tab le  range) s t r i p  
c h a r t  potent iometr ic  recorder and Three Action Series 60 
Control Unit. When used i n  the automatic cont ro l  mode, 
th i s  cont ro l  system is  spec i f ied  t o  give automatic kemper- 
a tu re  cont ro l  of + -
about +2OC - w a s  a t ta ined  i n  the present  inves t iga t ion .  
The design of t h e  pressure vesse l  (20 a t m  
maximum operat ing pressure)  and i t s  cont ro l  system w a s  
The complete induction furnace f a c i l i t y  is  shown 
The radio frequency power supply used i n  the 
2 
This model w a s  equipped with a Leeds and Northup 
0.5OC a t  any chosen p r e s e t  temperature: 
21n the  higher  frequency range d i e l e c t r i c  hea t ing  becomes 
important and would have led  t o  d i f f i c u l t i e s  with t h e  t e f -  
lon-insulated cu r ren t  feedthroughs a t  the rear of the 
chamber. Also, the so-called skin e f f e c t ,  tha t  is, depth 
of pene t ra t ion  of hea t ing  i n  t h e  load, i s  inversely propor- 
t i o n a l  t o  the square r o o t  of output  frequency i n  use (260). 
Thus i n  order  t o  maximize the  area of hea t ing  within t h e  
samples, the  low frequency RF generator w a s  used. 
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based on t h a t  of the  wire-burning apparatus.  A schematic 
is  shown i n  Fig. 20. The t e s t  vesse l ,  i n s ide  of which w a s  
the work c o i l ,  w a s  l a r g e r  than t h e  vesse l  comprising the 
wire-burning apparatus so that a RF cu r ren t  transformer 
fo r  use w i t h  a s i n g l e  t u r n  work c o i l  could be accomodated 
within the chamber. The c y l i n d r i c a l  pressure chamber w a s  
of about 25 c m  diameter and about 43 c m  length,  o r  about 
21.3 volume. The chamber, which w a s  contructed from 
steel, w a s  l i ned  with a 1.6 mm th i ck  A 1  annulus i n  order 
t o  minimize coupling between t h e  chamber and the  m r k  c o i l .  
Relat ively severe coupling occurred i n  the  a rea  of t h e  
cu r ren t  feed-throughs i n  the back of the  chamber; t h i s  and 
the convective and r a d i a t i v e  hea t  t r a n s f e r  from the h o t  
sample necessi ta ted water cooling on the outs ide of the 
chamber t o  prevent overheating. The vesse l  leak rate w a s  
maintained low and d id  no t  a f f e c t  the r e s u l t s .  Similar ly ,  
f i r e b r i c k  outgasing w a s  unimportant. 
The top of  the work c o i l  was mounted i n  a plane 
12.5 e m  above the bottom of the chamber; t he  c y l i n d r i c a l  
c o i l  w a s  centered 12.5 c m  from ei ther  s i d e  of the  chamber, 
and 15 c m  from the  f r o n t  door, i n  l i n e  with quar tz  windows 
on the  side of the vessel .  A photograph of  the i n t e r i o r  
of t h e  pressure vesse l ,  work c o i l ,  and c ruc ib l e  in s ide  
the work co i l  i s  shown i n  Fig. 21. The thermocouple 
connections a t  t h e  bottom of the  chamber are v i s i b l e  i n  
the p ic ture .  
tu rn ,  water cooled Cu c o i l  w a s  used. Depending on the  
p a r t i c u l a r  experiment. the  c o i l  had in s ide  diameters from 
6 t o  10 c m .  
For most of the experiments performed, a 5 1 / 2  
Two 2.54 c m  diameter quar tz  windows w e r e  s i t-  
uated 1 5  c m  from the f r o n t  door on t h e  top  of the  
vessel ,  a t  45O from the v e r t i c a l .  Upon one of these  
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I 
windows a Leeds and Northrup Rayotube temperature de- 
t e c t o r  was mounted; the o the r  window w a s  used f o r  v i sua l  
observation. Windows w e r e  a l s o  placed a t  the  center  of 
the f ron t  and back p la tes .  
heated was centered i n  the  work c o i l  by a s u i t a b l e  arrange- 
ment of f i r e  br icks .  Thermocouples mounted wi th in  the 
sample o r  t o  the c ruc ib le ,  and so fo r th ,  w e r e  connected 
t o  the appropriate  type of lead wires  within the  chamber, 
of about 67.2 1 volume. 
pure gases w e r e  des i red  fo r  the  s ta t ic  t e s t  atmosphere, 
mixing was accomplished i n  the  mixing chamber, which 
was f i l l e d  t o  the  des i red  pressure i n  the des i red  pro- 
port ions.  Mixing was accomplished by d i f fus ion .  
A s  shown i n  Fig, 21, the  metal sample to be 
Included i n  t he  system was a mixing chaniber 
When gas mixtures r a t h e r  than 
The schematic shown i n  Fig. 20 shows a gas de- 
humidifier i n  the feed system. It  was a Matheson Co. 
Model 460 Gas Pur i f i e r .  The cold t r a p  a l s o  shown i n  
the schematic was f i l l e d  with l i q u i d  N2 fo r  c e r t a i n  of 
the experiments i n  which the t e s t  gas was removed from 
the chamber while hot ,  The cold t r a p  served t o  p ro tec t  
the vacuum pump from any metal vapor en t ra ined  i n  the 
gas. 
The primary da ta  recording u n i t  was a Model 
FS02W6L Servo/Riter I1 Potentiometric S t r i p  Chart Re- 
corder b u i l t  by Texas Instruments ,  Inc. Two data  
channels were used f o r  recording the  sample temperature 
a s  measured by a thermocouple and a Rayotube. The Ray- 
otube was pro tec ted  by a solenoid-actuated s h u t t e r  which 
closed automatical ly  whenever a temperature i n  excess 
of a p r e s e t  value was recorded, 
a s  performed i n  the  induct ion furnace f a c i l i t y ,  it was 
During the inves t iga t ion  of the i g n i t i o n  of Mg 
found t h a t  manual adjustment of the  furnace output  
power i n  order  t o  obta in  a l i n e a r  r a t e  of rise of 
sample temperature (more properly,  thermocouple 
m i l l i v o l t  output) was extremely d i f f i c u l t ,  Design 
of a d i f f e r e n t i a t i n g  c i r c u i t  t o  be used i n  conjunction 
w i t h  the  Leeds and Northrup cont ro l  u n i t  was then con- 
sidered: r a the r  than ac t ing  a s  a constant  temperature 
c o n t r o l l e r ,  the cont ro l  u n i t  would provide a constant  
r a t e  of change of temperature w i t h  t i m e .  
would cons i s t  of simply a r e s i s t ance  and a capac i tor  
(see f o r  example R e f ,  (261)) ,  b u t  when the  design speci- 
f i c a t i o n s  f o r  the thermocouples i n  use,  desired heat ing 
r a t e s ,  and so f o r t h  w e r e  considered, it became apparent 
t h a t  such a c i r c u i t  could not be used because capac i tors  
i n  the  necessary capacitance range are not  ava i l ab le  
commercially. Rather, a d i f f e r e n t i a t i n g  c i r c u i t  employ- 
ing an opera t iona l  amplif ier  was constructed.  
schematic of the con t ro l  system is  shown i n  Fig, 22, and 
the reader i s  r e fe r r ed  t o  Ref, (261) and (262) f o r  d e t a i l s  
of construct ion and operation of s imi l a r  c i r c u i t s ,  
In  p r inc ip l e ,  such a d i f f e r e n t i a t i n g  c i r c u i t  
A block 
In  brief, the output vol tage of a re t ransmi t t ing  
s l i d e w i r e  connected t o  the Texas Instrument Recorder 
channel which w a s  used t o  measure the sample temperature 
w i t h  a thermocouple was passed through a var iab le  
f i l t e r3  t o  the d i f f e r e n t i a t o r ,  
expressed as: 
T h i s  voltage may be 
3 F i l t e r i n g  was always necessary because of the rad io  
frequency noise problem, 
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where o(: is  the negative of t h e  s lope of the  t e m -  
perature-time curve, 
i s  then: 
The output  of the  d i f f e r e n t i a t o r  
w h e r e  RdCd i s  t h e  t i m e  constant  of  the c i r c u i t ,  (The 
function of Ri and Ci i s  t o  provide f u r t h e r  f i l t e r i n g ;  
R . C .  must be much less than RdCd t o  avoid allowing t h e  
c i r c u i t  t o  act  a s  an in t eg ra to r ,  however.) The Leeds 
and Northrup c o n t r o l l e r  was then used t o  maintain t h i s  
s i g n a l  constant  during an experiment, 
1 1  
The design spec i f i ca t ions  of t h e  u n i t  w e r e  
0,0208 t o  0.267 and 0.00865 t o  0.267 percent  of f u l l  
scale pe r  second on the Texas Instrument 20 and 50 mv 
scales, respect ively,  I n  t e r m s  of hea t ing  rates, these 
values represent  r a t e s  a t  2OO0C from about 10 t o  200 OC/rnin 
f o r  a chromel/alumel thermocouple, and from about 30 t o  
350 OC/min f o r  a Pt/Ptl3Rh thermocouple. 
b. Experimental Procedure 
The sample t o  be ign i t ed  was wiped clean and 
weighed. It w a s  then placed i n  i t s  cruc ib le ,  and t h e  
c ruc ib l e  and sample w e r e  mounted within t h e  work c o i l .  
The sample thermocouple w a s  connected t o  the  appropriate  
lead w i r e s .  
The f r o n t  door of t he  chamber w a s  c losed and 
the chamber and feed system w e r e  evacuated. Af te r  a 
pressure on t h e  order  of 1 t o r r  was a t t a ined  i n  the  
system, t h e  chamber w a s  f i l l e d  with the  appropriate  
oxidizing gas o r  gas mixture t o  the des i red  pressure ,  
d i r e c t l y  from the  gas cy l inder  o r  from the mixing cham- 
ber, respect ively,  The furnace w a s  turned on and t h e  
experiment begun. 
A s  soon as i g n i t i o n  had occurred, t he  furnace 
w a s  turned o f f  and the  pressure ves se l  w a s  purged with 
high pressure A r  i n  order  t o  ext inguish the  m e t a l  f i r e  
as  soon as possible .  Because of t h i s  procedure, very 
few f i r e s  r e su l t ed  i n  ser ious  damage t o  the  contents  
of the  chamber. However, upon one occasion, i n  an ex- 
periment with l a r g e  M g  samples i n  5 atm of 02, during 
the  subsequent temperature rise a f t e r  i g n i t i o n  the  cru- 
c i b l e  melted, and molten M g  and/or crucible came i n t o  
contac t  with the  Cu work c o i l ,  which ign i t ed  and burned 
t o  the  feedthroughs a t  the  back of the  chamber, Also, 
the thermocouple connectors and lead w i r e s  w e r e  de- 
stroyed, S l i g h t  redesigns including a larger in s ide  
diameter work c o i l  and a d i f f e r e n t  f i r e b r i c k  arrange- 
ment prevented a recurrence of t h i s  accident.  Never- 
t he l e s s ,  under the  e x i s t i n g  condi t ions in s ide  of t h e  
t es t  chamber, the  furnace i s  no t  s u i t a b l e  f o r  the  study 
of metal combustion. 
In  an experiment a f t e r  the m e t a l  f i r e  w a s  ex- 
t inguished, the  chamber was exhausted t o  1 atm and opened. 
The sample, crucible, and the  thermocouple w e r e  removed, 
t i o n  experiments which w e r e  performed i n  the induction 
furnace f a c i l i t y  w i l l  be discussed i n  the  chapter  on 
these experimental r e s u l t s ,  Chapter V I I .  
For convenience, the  p a r t i c u l a r  type of igni-  
c. Auxiliary Apparatus 
Throughout the  M g  and C a  experiments, chromel- 
alumel thermocouples with an ice ba th  reference junct ion 
w e r e  used. 
susceptor' w a s  used, the  susceptor temperature w a s  mon- 
When experiments w e r e  performed i n  which a 
A susceptor ,  as used i n  t h i s  investiga-tion, i s  a hollow 4 
cyl inder  placed in s ide  of the  work c o i l ,  and wi th in  which 
the sample and c ruc ib l e  a r e  placed. 
p r e f e r e n t i a l l y  with t h e  magnetic f i e l d  and h e a t s  t he  sample 
by conduction, convection, and r ad ia t ion  h e a t  t r ans fe r .  
The susceptor  couples 
i t o r e d  with P t h t l 3 R h  thermocouples, 
thermocouples w i l l  be discussed i n  Chapter V I I .  
The Rayotube used i n  the  Mg and Ca inves t i -  
ga t ions  was a Model 8893, which a l l o w s  blackbody t e m -  
pera ture  measurements over the  range from 450 t o  1000°C. 
For these  experiments, the  Rayotube s a f e t y  s h u t t e r  c i r c u i t  
w a s  set t o  t r i g g e r  when a temperature i n  excess of 1000°C 
w a s  measured, 
Cal ibra t ion  of  the  
Crucibles and double bore ceramic i n s u l a t e r  
tubing constructed from Alundum (predominantly A1203) 
w e r e  used f o r  t he  Mg and Ca inves t iga t ions .  A1203 m e l t s  
a t  203OoC ( 6 ) ,  and s ince  these m e t a l s  i g n i t e  a t  t e m -  
pera tures  a t  o r  below 1000°C, t h i s  material was satis-  
fac tory  provided t h a t  the  metal f i r e  which ensued a f t e r  
i g n i t i o n  w a s  promptly p u t  out ,  
i n  c e r t a i n  types of  experiments t o  be discussed i n  Chapter 
V I I ,  w e r e  constructed from Inconel W. The susceptors  
w e r e  hollow cyl inders  5.1 c m  long of 6.8 c m  ou ts ide  
diameter, with 0.8 c m  wal l  thickness.  For the  Ca ex- 
periments, Sic susceptors  (with which higher  temperatures 
could be obtained) 6.5 c m  long, of 7 c m  ou t s ide  dia- 
meter,and of 0.7 c m  wal l  thickness  w e r e  used, 
The susceptors4 f o r  the  M g  inves t iga t ion ,  used 
Fina l ly ,  the  f i r e b r i c k s  upon which the  sample 
c ruc ib l e  (and sdsceptor) r e s t ed  w e r e  Type HW-30LI in- 
s u l a t i n g  f i r e b r i c k s ,  supplied by Harbison-Walker Re- 
f r a c t o r i e s  Co., Pi t tsburgh.  These f i r e b r i c k s  are ade- 
quate a t  temperatures up t o  about 15OOOC. 
Preliminary experimentation on the  i g n i t i o n  
of A 1  w a s  conducted w i t h  W/Rer Ir/Ir6ORh, and Pt/Ptl3Rh thermo- 
couples. B e t t e r  r e s u l t s  w e r e  obtained with the  l a t t e r  two, 
as would be expected i n  oxid iz ing  atmospheres. 
b r a t i o n s  f o r  the f i r s t  t w o  thermocouples w e r e  supplied by 
Engelhard Indus t r i e s ,  Inc., Newark. 
Cali-  
A Model 8890 Rayotube with blackbody tempera- 
t u r e  range from 975O t o  220OoC was used i n  the A1 experi-  
ments. The sa fe ty  c i r c u i t  w a s  set t o  c lose  the Rayotube 
shu t t e r  upon a t t a i n i n g  t h i s  l a t t e r  temperature. 
Worcester, Mass., w e r e  used i n  the  preliminary experi- 
Sic cruc ib les  supplied by the Norton Company, 
ments with A l .  A s  w i l l  be discussed i n  Chapter V I I ,  t h i s  
mater ia l  was found t o  be inadequate a t  the required t e m -  
pera tures  (about 20OO0C; see Chapter I V ) .  F ina l ly ,  Z r 0 2  
f i r e b r i c k s  a l s o  obtained from Norton were used. 
4. Miscellaneous 
Most of the s t i l l  photographs i n  t h i s  repor t  
were taken with a 4x5 view camera upon which a Polaroid 
f i lm holder  was mounted. The f i lm genera l ly  used was 
Polaroid Type P/N 55. 
Flame spectrograms w e r e  obtained from a Bausch 
and Lomb 1.5 m g ra t ing  spectrograph, Model No. ll, which 
i n  f i rs t  order  covers the  spectrum from 3700 t o  7400 A 
with a l i n e a r  d i spers ion  of 1 5  A/mm. 
the  flame br ightness ,  Kodak 1-N spectroscopic fi lm, 
Royal-X Pan, o r  2475 recording f i lm w a s  used. The nega- 
t i v e s  were analyzed on a Leeds and Northrup microdensito- 
meter of the  Knorr-Albers type. 
0 
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5. Summary 
Bas ica l ly  two types of experiments were per- 
formed: f i r s t l y ,  the q u a l i t a t i v e  wire-burning experi- 
ments , and secondly, the  quan t i t a t ive  induction furnace 
experiments. The wire-burning s tud ie s  of the i g n i t i o n  
of Mg* ribbons and A1 w i r e s  w i l l  be described i n  Chapter 
V I .  The induction furnace r e s u l t s  with var ious ly  s ized 
samples of Mg, Ca, and A 1  a r e  given i n  Chapter V I I .  The 
combustion of Mg ribbons and A1 w i r e s  i n  H20 con- 
t a in ing  mixtures w i l l  be discussed i n  Appendix I. 
As mentioned in Chapter IV, other studies con- 
ducted with the wire-burning apparatus (the ignition and 
combustion of wires of Ta and Mo, and improved ignition 
efficiency for Al) are reported elsewhere (247-249). 
m T E R  V I  - QUALITATIVE STUDIES OF T& I G N I T I O N  OF 
MAGNESIUM RIBBONS AND ALUMINUM WIRES 
The experimental r e s u l t s  obtained i n  t h i s  and 
earlier inves t iga t ions  on the i g n i t i o n  of M g  ribbons and 
A 1  w i r e s  are divided i n t o  t w o  sect ions:  e a r l y  experi-  
mental r e s u l t s  on the i g n i t i o n  of Mg ribbons and A1 w i r e s  
i n  02-Ar and 02-C02 mixtures (7,  9, 19, 20),  and the  o r i g i -  
n a l  development of the physical  m o d e l  of m e t a l  i g n i t i o n  
( 2 1 ) ;  and subsequent q u a l i t a t i v e  inves t iga t ions  of the 
i g n i t i o n  of Mg ribbons and A1 w i r e s  i n  H20-containing 
atmospheres. These f indings are reviewed i n  t h e  present  
chapter. A desc r ip t ion  of the combustion of M g  ribbons 
and A 1  w i r e s  i n  HZO-containing gas mixtures i s  given i n  
Appendix 111. 
1. The Ign i t ion  of Maqnesium and Aluminum i n  Oxygen-Arqon 
and Oxygen-Carbon Dioxide Mixtures and the Original  
Model of Metal Ign i t ion  
It w a s  stressed i n  Chapter V tha t  the information 
obtained from the wire-burning apparatus w i t h  respec t  t o  
i g n i t i o n  i s  necessar i ly  q u a l i t a t i v e ,  Thus the in te rpre-  
t a t i o n  of t he  i g n i t i o n  r e s u l t s  i s  based pr imar i ly  on v i s u a l  
observation and on a r e l a t i v e  experimental datum, the t o t a l  
power a t  i gn i t i on ,  T h i s  power i s  r e l a t i v e  because it in- 
cludes many extraneous factors due t o  the e lec t rodes ,  and 
so for th .  Nevertheless, as the o r i g i n a l  vers ion of the 
physical  model of m e t a l  i g n i t i o n  w a s  based on t h i s  type of 
da ta ,  the wire-burning apparatus can y i e l d  meaningful in- 
formation on the i g n i t i o n  process. 
para tus  w a s  t ha t  of Brzustowski (7 ,  9 ) .  He s tud ied  the com- 
bustion of Mg ribbons and of unanodized and anodized A1 
w i r e s  i n  02-Ar  mixtures over w i d e  ranges of pressure and 
The first inves t iga t ion  i n  the wire-burning ap- 
and composition. In  a co ro l l a ry  inves t iga t ion ,  Mellor 
s tud ied  the aornbusbion of these  same metals i n  02-C02 and C02-Ar 
mixtures over a smaller pressure range (19, 20) .  Several  
important observations on the  i g n i t i o n  c h a r a c t e r i s t i c s  
w e r e  made i n  both of  these  inves t iga t ions ,  
a, Magnesium 
In  both of the  inves t iga t ions ,  the  M g  ribbons 
w e r e  mounted ho r i zon ta l ly  between the  brass electrode 
blocks. I n  02-Ar mixtures (7, 9 ) ,  i g n i t i o n  genera l ly  
occurred i n  a c y l i n d r i c a l  vapor-phase flame before the 
ribbon broke, Under some circumstances, flame spread 
along t h e  ribbon occurred a t  the  speed of s eve ra l  cm/sec. 
Where flame spread d id  not  occur, the i n i t i a l  vapor-phase 
i g n i t i o n  flame col lapsed when the metal melted and the  
ribbon broke. 
Several d i f f e rences  i n  the i g n i t i o n  of Mg 
ribbons i n  02-C02 and C02-Ar mixtures w e r e  noted (198 20). 
F i r s t l y ,  M g  i gn i t ed  over a much more l imi t ed  range of  
pressure and composition i n  02-C02 mixtures, and could n o t  
be i g n i t e d  i n  C02-Ar mixtures. 
t i o n  regime (or ,  more properly,  i n  the regime i n  which 
flame spreading d id  not  occur ) ,  r a t h e r  than appearing as a 
c y l i n d r i c a l  vapor-phase flame before  the ribbon broke, the 
i n i t i a l  i g n i t i o n  flame seemed t o  take p lace  i n  the  gas 
phase near the m e t a l  exposed when the ribbon broke. T h i s  
s i g n i f i c a n t  d i f f e rence  between the mode of i g n i t i o n  i n  
0 - A r  and 0 -C02 mixtures was a t t r i b u t e d  t o  the  formation 
of a p ro tec t ive  product f i l m  on the sur face  of  the ribbon 
i n  02-C02 mixtures. 
the i g n i t i o n  temperature of M g  is higher  i n  0 -CO 
than i n  02-Ar mixtures: a s  i s  seen i n  Table 32, w h i c h  i s  
Secondly, i n  the no igni-  
2 2 
Furthermore, two observations ind ica ted  that  
mixtures 
2 2  
t 
TABLE 32. - 
AVERAGE EXPERIMENTAL POWERS AT IGNITION (FROM REF. (21)) 
Metal Atmosphere 
O2 -Ar 
o2 -co2 
Anodized O2 -Ar 
o2 -co2 
C02 -Ar 
H20-Ar 
H20-C02 
O2 -Ar 
Unanodized 
A1 
0 'C02 2 
c02 
Average Power at 
Ignition ,watts 
23.1 
30.2 
145.3 
174.1 
125.1 
131.3 
131.6 
195.4 
193.3 
106.5 
repeated from Ref, (21) 8 the  average t o t a l  power a t  ig- 
n i t i o n  was higher i n  the  former case;  secondly, fo r  those 
cases  fo r  which i g n i t i o n  did not  occur i n  the former a t -  
mosphere, p a r t  of the ribbon had been observed t o  melt. 
made on the i g n i t i o n  of Mg ribbons, I n  0 2 - A r  mixtures, 
i gn i t i on  occurred below the metal melting po in t  i n  a cyl in-  
d r i c a l  vapor-phase flame over the ribbon; i n  02-Co 2 mix- 
tu re s ,  vapor-phase i g n i t i o n  occurred a t  o r  above the m e t a l  
melting poin t  near the clean metal surfaces  exposed upon 
the r ibbon's  breaking, 
w i t h  the  Mg. i g n i t i o n  temperatures listed i n  Table 14. 
To conclude, two important observat ions were 
These observations a r e  cons is ten t  
b. A l u m i n u m  
Brzustowski concluded t h a t  i g n i t i o n  of e i t h e r  un- 
anodized o r  anodized A 1  w i r e s  i n  02-Ar  mixtures,  above a 
t o t a l  p ressure  of  300 t o r r  , occurred a t  the m e  1 t i n g  po in t  
of A 1 2 0 3  (78 9 ) -  
whether the w i r e  w a s  mounted hor izonta l ly  o r  i n  the "La' 
configuration. Ign i t ion  occurred when molten A 1  was ex- 
posed t o  the  oxid iz ing  atmosphere a t  the  melting po in t  
of the oxide. 
T h i s  observat ion was independent of 
A t  and below t o t a l  p ressures  of 300 t o r r ,  the 
anodized w i r e  i gn i t ed  a t  somewhat lower temperatures, and 
the unanodized w i r e  genera l ly  did not  i gn i t e .  
was noted t h a t  the anodized w i r e s  were charac te r ized  by 
a lower t o t a l  power a t  i g n i t i o n  ( 7 )  8 a s  i s  shown i n  Table 
32. On t h i s  b a s i s ,  Brzustowski concluded t h a t  the anodic 
oxide f i l m  impeded oxidat ion during the pre- igni t ion  heat-  
ing per iod,  and t h a t  a t  i g n i t i o n  a th icker  oxide f i l m  was 
present  on the unanodized w i r e  (7). 
I n  general ,  over the e n t i r e  pressure  range, it 
N o  s i g n i f i c a n t  d i f fe rences  between the  i g n i t i o n  
of e i t h e r  unanodized o r  anodized A 1  wires  i n  02-Ar and 
02-C0 atmospheres was found (19, 20 ) .  However, it was 2 
observed t h a t  unanodized A 1  w i r e s  could not  be ign i t ed  
i n  C02-Ar mixtures. 
i n  02-C02 mixtures was considerably lower f o r  the anodized 
wire,  which ind ica ted  the presence of a thinner  oxide coa t  
a t  i gn i t i on ,  
Again, the t o t a l  power a t  i g n i t i o n  
In  C02-Ar mixtures a t  t o t a l  p ressures  below 
about 500 t o r r ,  a new type of i g n i t i o n  was observed with 
the anodized A 1  w i r e s  (19, 20). Before the w i r e  broke, a 
c y l i n d r i c a l  vapor-phase i g n i t i o n  flame was observed t o  
appear over the w i r e  surface,  Such an i g n i t i o n  flame 
is  shown i n  Fig, 23, w h i c h  is  reproduced from R e f ,  (19) 
and (20)- 
It was o r i g i n a l l y  concluded t h a t  the anodized 
A 1  coat ing was porous t o  A 1  vapor d i f fus ion ,  even a f t e r  

the pre- igni t ion  hea t ing  per iod i n  C02-Ar atmospheres 
(19).  When it w a s  l a t e r  learned t h a t  the anodized f i l m  
was indeed porous, as was described i n  Chapter v# t h i s  
conclusion was subs tan t ia ted ,  and it was argued t h a t  i n  
02-containing atmospheres these pores were f i l l e d  by the 
oxidat ion process during the ohmic hea t ing  per iod (21.). 
I n  other  words, a t  i g n i t i o n  i n  02-C02 mixtures the 
s t ruc tu re  of the anodized and thermal A1203 f i l m s  was 
s imi la r ,  bu t  on the b a s i s  of the t o t a l  power required 
for  i gn i t i on ,  the l a t t e r  w a s  a th icker  fi lm; i n  C02-Ar 
mixtures, the unanodized wires  could not  be igni ted  because 
i n s u f f i c i e n t  oxide formed below the metal melting po in t  
t o  support the molten A l ,  A s u f f i c i e n t l y  th i ck  f i l m  a l -  
ready ex i s t ed  on the surface of the anodized w i r e  t o  
allow ohmic hea t ing  t o  continue above the metal  melting 
point ,  b u t  because most of t h i s  anodized coat ing was 
porous and because l i t t l e  oxidat ion occurred during the 
pre- igni t ion  period i n  C 0 2 ,  i g n i t i o n  occurred i n  a cyl in-  
d r i c a l  vapor-phase flame, before  the  wire broke a t  the 
melting poin t  of the oxide, 
I n  a l a t e r  paper (Zl), it w a s  suggested t h a t  
even i n  t h i s  l a t t e r  case,  the ign i t i on  temperature was 
equal t o  the melting poin t  of A1203, b u t  t h a t  only the 
t h i n  b a r r i e r  l aye r  between the outer  porous layer  and 
the metal subs t r a t e  (see Chapter V) w a s  required t o  m e l t  
before  i g n i t i o n  could occur, Because the t o t a l  power a t  
i g n i t i o n  for  the anodized wire w a s  lower i n  C02-Ar mix- 
t u r e s  than i n  02-Ar o r  02-C02 mixtures (see Table 32), 
, the  requirement t h a t  only the t h i n  b a r r i e r  layer  m e l t  before  
i g n i t i o n  was fu r the r  substant ia ted.  
To summarize, i g n i t i o n  i n  02-containing a t -  
mospheres fo r  both the unanodized and anodized A1 w i r e s  
occurred on metal f r e sh ly  exposed a t  the melting poin t  
of  the oxide. 
the unanodized w i r e  was taken t o  ind ica te  the  presence 
of a thicker oxide f i lm i n  th i s  case. 
Only the anodized A 1  w i r e s  could be ign i t ed  i n  
C02-Ar mixtures because i n s u f f i c i e n t  oxide formed on the  
unanodized w i r e  during the ohmic hea t ing  per iod t o  
mechanically support the molten A 1  above i ts  melting point .  
For these anodized w i r e s ,  i gn i t i on  i n  the form of a cyl in-  
d r i c a l  vapor-phase flame before  the breaking of the wire 
was due t o  the  porous nature  of the anodized f i l m .  
lower power requirement over t h a t  i n  02-containing a t -  
mospheres ind ica ted  t h a t  a th inner  oxide f i lm was m e l t -  
ing  p r i o r  t o  ign i t i on ,  and it was surmised t h a t  t h i s  
thinner  f i l m  was the non-porous b a r r i e r  l aye r  f i lm present  
next t o  the metal subs t ra te  on the anodized w i r e ,  t h a t  is ,  
even i n  C02 atmospheres the t r a n s i t i o n  temperature equals 
the melting poin t  of A l 2 O 3 -  
The r e s u l t s  on the i g n i t i o n  of A 1  i n  02-Ar mix- 
t u re s  a r e  cons is ten t  w i t h  those of Kuehl (17, 18), who 
a l s o  s tudied the i g n i t i o n  of A 1  w i r e s  i n  an apparatus 
s imi l a r  t o  t h a t  developed a t  Princeton. 
T h i s  inves t iga tor  found t h a t  the i g n i t i o n  temperature 
of A 1  decreased below an oxygen p a r t i a l  pressure of about 
50 t o r r  (see Appendix I). However, he a l so  found the  
appearance of the c y l i n d r i c a l  vapor-phase i g n i t i o n  flame 
even i n  0 -Ar atmospheres, b u t  a t  t o t a l  p ressures  less 2 
than about 250 to r r .  
i g n i t i o n  flame i n  02-Ar  mixtures a t  low pressures  with 
those pressures  a t  which the b o i l i n g  po in t  of A 1  i s  less 
than o r  equal t o  the melting poin t  of A1203;  these t e m -  
pera tures  a re  equal a t  a pressure of about 250 t o r r  (17, 
18). Thus it is  i n t e r e s t i n g  t o  note t h a t  the appearance 
The higher  i g n i t i o n  power requirement of 
The 
Kuehl assoc ia ted  the appearance of t h i s  type of 
of t h i s  flame i n  C02-Ar atmospheres before  the breaking 
of the w i r e ,  which was observed a t  p ressures  of 300 t o r r  
and below (198 2 O ) ,  may a l s o  be a r e s u l t  of the  melting 
poin t  of A1203 exceeding the  bo i l ing  poin t  of A l , '  i n  
addi t ion  t o  r e su l t i ng  from the poros i ty  of the  surface 
coating. Thus the  transiti.?:; &emperature may decrease 
with decreasing pressure below about 300 to r r .  2 
c. The Original  Model of Metal Ign i t ion  
The experimental r e s u l t s  obtained i n  the  w i r e -  
burning apparatus discussed i n  Sections 1.a and 1.b of 
t h i s  chapter  were the e s s e n t i a l  basis of the physical  
model of metal i g n i t i o n  a s  o r i g i n a l l y  developed f o r  
bulk samples (21) , A s  mentioned i n  Chapter I, these re- 
s u l t s  were summarized i n  Fig, 1, which is  taken from 
Ref. (21) . Data obtained i n  H20-containing atmospheres 
w i l l  be discussed i n  d e t a i l  i n  Section 2 of t h i s  chapter.  
1, . the  mode of igni-  
t i o n  ( t h a t  is ,  the c y l i n d r i c a l  vapor-phase i g n i t i o n  flame 
appear ingbefore  breaking of the  m e t a l  sample versus the  
i g n i t i o n  flame near the f resh  metal surface exposed by the 
breaking of the sample) was cor re la ted  with the  P i l l i n g  and 
Bedworth r a t i o  (Vf/Vm) of the  product f i lm present  on the 
surface of the sample during the  pre- igni t ion  hea t ing  
period, I n  the  former case,  fo r  Mg' ribbons i n  02-Ar  a t -  
mospheres and fo r  anodized A 1  w i r e s  i n  mixtures not  con- 
t a in ing  02, the value of t h i s  r a t i o  was thought t o  be less 
than one, t h a t  is ,  the product f i lm was thought t o  be non- 
pro tec t ive ,  
A s  can be seen from Fig. 
Gordon (264) o r i g i n a l l y  of fe red  t h i s  explanation of the 1 
c y l i n d r i c a l  vapor-phase i g n i t i o n  flame i n  C02-Ar mixtures 
a t  low pressures .  
'Recent experimental s tud ie s  a t  Princeton have favored t h i s  
second i n t e r p r e t a t i o n  (265). 
I n  the  l a t te r  case,  f o r  Mg ribbons i n  02-C02 
mixtures and f o r  both types of A1 w i r e s  i n  02-containing 
atmospheres, the P i l l i n g  and Bedworth r a t i o  was thought t o  
be g rea t e r  than one, thus ind ica t ing  a protec t ive  product 
film. 
Since the t o t a l  qower a t  i g n i t i o n  was character-  
i s t i c a l l y  lower f o r  the cy l i r  l r i c a l  vapor-phase mode. of 
i g n i t i o n  (Table 32), the  presence of a non-protective 
product f i l m  with a P i l l i n g  and Bedworth r a t i o  less than 
one was concluded t o  ind ica te  t h a t  i g n i t i o n  would occur 
more r ead i ly  f o r  those metal-oxidizer systems forming t h i s  
type of film. 
Mg-O2 system w a s  examined, it was learned t h a t  even though 
the room-temperature P i l l i n g  and Bedworth r a t i o  of MgO is  
less than one, the oxide f i l m  i s  p ro tec t ive  (as  ind ica ted  
by the so-called p ro tec t ive  rate.  laws) up t o  temperatures 
on the order  of 4OO0C ( a s  has been shown i n  Chapter 111). 
Furthermore, even though the majori ty  of  the anodic f i lm 
on the  anodized A1 wires  was porous and thus  non-protective, 
i g n i t i o n  was not  thought t o  occur u n t i l  the non-porous 
b a r r i e r  l aye r  melted. Thus the elementary concept of  
the P i l l i n g  and Bedworth r a t i o  a s  ind ica t ing  a non-pro- 
t e c t i v e  oxide f i l m  could be misleading, and the  concept 
of the  t r a n s i t i o n  temperature, a t  w h i c h  any product f i l m  
becomes non-protective regardless  of i t s  room-tempera- 
t u r e  P i l l i n g  and Bedworth r a t i o ,  was introduced and cor- 
r e l a t e d  w i t h  t he  bulk i g n i t i o n  temperatures of Mg, A I ,  
Ca, and Mo i n  02, as measured by o ther  inves t iga tors .  
n i t i o n  c r i t e r i o n  based on e a r l y  wire-burning r e s u l t s ,  a s  
reported i n  R e f .  (21). A s  has been seen i n  the previous 
chapters  of the present  repor t ,  the model has  been de- 
However, when the oxidat ion l i t e r a t u r e  f o r  the 
T h i s  was e s s e n t i a l l y  the development of the ig- 
veloped t o  a much g rea t e r  ex ten t  s ince  t h a t  t i m e ,  and 
now i s  i n  a pos i t i on  t o  explain m e t a l  pyrophorici ty  
( t h a t  i s ,  the  s i z e  e f f e c t  i n  ign i t i on )  and t o  p r e d i c t  
means of improving the  i g n i t i o n  of metals character ized 
by high t r a n s i t i o n  temperatures. Furthermore, the  
l i t e r a t u r e  v e r i f i c a t i o n  of the  model has been extended 
t o  many o the r  metal-oxidizer systems, 
Since t h i s  development of  the  o r i g i n a l  model, 
f u r t h e r  experimentation has been conducted with Mg 
ribbons and unanodized and anodized A 1  w i r e s  i n  H20-con- 
t a in ing  atmospheres, i n  order  t o  v e r i f y  the  conclusions 
based on the  i g n i t i o n  of these  m e t a l s  i n  02-Ar,  02-C02, 
and CO - A i r  mixtures. These la te r  r e s u l t s  w i l l  be d is -  
cussed i n  the  next s ec t ion  of t h i s  chapter. 
2 
2. The Ign i t ion  of Magnesium and A l u m h " n  i n  Atmospheres 
containing Water vapor3 
These experiments w e r e  performed pr imar i ly  
because it w a s  f e l t  t h a t  i f  the  conclusions reached on the  
i g n i t i o n  of Mg and A 1  i n  C02 w e r e  v a l i d ,  then s imi l a r  re- 
s u l t s  would be obtained i n  H20,  as opposed t o  02-contain- 
i ng  mixtures. 
A s  w a s  s t a t e d  i n  Chapter V, the  maximum p a r t i a l  
pressure of H 2 0  obtained conveniently i n  the  wire-burning 
apparatus was 100 t o r r ;  thus the  test  p o i n t s  of i n t e r e s t  
w e r e  somewhat d i f f e r e n t  than i n  the dry gas mixtures. For 
Mg ribbons and A 1  w i r e s ,  t he  w e t  atmospheres which w e r e  
used w e r e  as  follows: pure H 2 0  a t  50 and 100 torr,  and 50 
volume percent-50 volume percent  mixtures of H20-02, 
H20-C02, and H20-Ar a t  t o t a l  pressures  of 50, 100, and 
200 t o r r ,  
3Brief desc r ip t ions  of  t he  combustion of these m e t a l s  i n  
H 2 0  are given i n  Appendix 111- 
a. Magnesium 
It i s  shown i n  Appendix I1 see i n  p a r t i c u l a r  
Table 14) t h a t  the i g n i t i o n  temperature of bulk M g  samples 
i n  O2 and H 2 0  i s  s l i g h t l y  b e l o w  the m e t a l  melting p o i n t  o f  
65OoC ( 6 ) ,  whereas t h a t  i n  C 0 2  is  considerably above the  
metal melting point .  Thus i n  the wire-burning apparatus,  
i n  w h i c h  the sample must support  i t s e l f  i n  order  t o  main- 
t a i n  ohmic heat ing,  some i r r e p r o d u c i b i l i t y  i n  i g n i t i o n  
would be expected i n  H 2 0  and i n  O2 atmospheres, and 
i g n i t i o n  i n  C 0 2  atmospheres would be expected t o  be d i f f i -  
c u l t  o r  even i m p ~ s s i b l e . ~  
o u t  i n  the  present  experiments as i s  shown i n  Table 33, 
i n  w h i c h  the Mg’ i g n i t i o n  r ep roduc ib i l i t y  i n  the var ious 
H 0 mixtures i s  given. 
These expectat ions w e r e  borne 
2 
I n  H20-Ar and H2-02 mixtures the  ribbons genera l ly  
ign i t ed  before  they broke, as expected; the i g n i t i o n  and 
breaking events could .not  be dis t inguished i n  H20-C02 mix- 
tu res .  A l l  of  these r e s u l t s  are cons i s t en t  w i t h  the igni-  
t i o n  c r i t e r i o n  and w i t h  the r e s u l t s  of o the r  i nves t iga to r s  
a s  ci ted i n  Appendix I1 and Chapter I V .  
The average t o t a l  power a t  i g n i t i o n  or  breaking 
f o r  Mg i n  the three gas combinations i s  shown i n  Table 34. 
The breaking power i n  H20-C02 mixtures exceeds the i g n i t i o n  
power i n  the o the r  gas combinations, as  w a s  the  case i n  
0 -C02 mixtures a s  compared to  02-Ar mixtures (see Table 
32). N o t e  t ha t  the powers l isted i n  Table 34 a r e  low com- 
pared w i t h  those i n  Table 32. P a r t  of t h i s  discrepancy no 
doubt r e s u l t s  from the d i f f e r e n t  apparatus used i n  the two 
4 
11, Darras e t  a l .  (211)  showed t h a t  i n  even s l i g h t l y  humid 
C02 the Mg i g n i t i o n  temperature i s  lowered considerably and 
becomes on the  order  of t he  M g  melting point .  Thus i n  the 
H 0-C02 mixtures used i n  the present  i nves t iga t ion  s o m e  
i 3 n i t i o n s  w e r e  expected, 
2 
I n  experiments involving gas mixtures no t  cited i n  Appendix 
REPRODUCIBILITY OF MAGNESIUM IGNITION 
Total Pres- Number of 
Atmosphere sure, torr Experiments 
50 
100 
H20-Ar 50 
100 
200 
H20-02 50 
100 
2 00 
H2° 
H20-C02 50 
100 
200 
5 
5 
5 
16 
5 
7 
8 
3 
Percent 
Ignited 
60 
80 
60 
75 
20 
71 
88 
100 
40 
0 
0 
AVERAGE EXPERIMENTAL POFlERS AT IGNITION OR BREAKING 
Average Power at Igni- 
Metal Atmosphere tion or Breaking, watts 
UnanoS ized 
A1 
H 0-O2 2 
H2Q-Ar 
H O-C02 2 
H 2 0-O2 
H 0-Ar 2 
H20-C02 
Ar 
Anodized 
A1 
H 0-O2 2 
H20-Ar 
16.7 
24.4 
25.85; 
59.55; 
45.8* 
44.4* 
44.85; 
109.5 
69.4 
H20-C02 72.2 
c 
Breaking power. 
inves t iga t ions ,  and e spec ia l ly  from the d i f f e r e n t  power 
suppl ies  and vol tage rise ra tes .  
ever,  i s  t h a t  the H 2 0  experiments w e r e  conducted only 
a t  p ressures  of 200 t o r r  and less, whereas the e a r l i e r  
experiments w e r e  conducted over a l a r g e r  pressure  range. 
Since the t o t a l  power a t  i g n i t i o n  o r  a t  breaking increases  
w i t h  increas ing  pressure  because of increas ing  convective 
Another e f f e c t ,  how- 
hea t  l o s ses ,  lower powers a r e  obtained a t  lower pressures .  
b. Aluminum 
Both unanodized and anodized A 1  w i r e s  were t e s t e d  
i n  the  w e t  atmospheres l i s t e d  i n  Section 2.a; r e s u l t s  ob- 
ta ined  with the former w i l l  be discussed first.  
ohmic hea t ing  per iod was the same i n  pure H20,  pure A r ,  i n  
The behavior of the unanodized samples during the  
the H20-Ar and H20-C02 
su re  i n  the  H20-02 mixture. 
the center  of the  wire length the m e t a l  melted and the w i r e  
mixtures,  and a t  50 t o r r  t o t a l  pres- 
A s  the w i r e  was heated, near 
broke. The wire glowed only s l i g h t l y  i f  a t  a l l .  Upon exam- 
ina t ion  a t  the termination of an experiment, the  w i r e  was 
found t o  have re ta ined  i t s  meta l l ic  l u s t e r  i n  a l l  cases. 
A s  i s  seen i n  Table34 , the average t o t a l  power a t  break- 
ing f o r  atmospheres not  containing O2 w a s  e s s e n t i a l l y  
equivalent .  
sure ,  the  w i r e  glowed q u i t e  b r i g h t l y  before  it broke. No 
i gn i t i on ,  however, was ever observed. 
w a s  found t o  have re ta ined  i t s  me ta l l i c  l u s t e r ,  a g rea t e r  
length of the w i r e  appeared t o  have melted, 
average t o t a l  power a t  breaking was s l i g h t l y  hig,her fo r  
02-containing atmospheres (Table 34)  . 
I n  H20-02 mixtures a t  100 and 200 t o r r  t o t a l  pres- 
Although the sample 
Note tha t  the  
These r e s u l t s  a re  in t e rp re t ed  as follows, i n  
d i r e c t  analogy t o  the  C02 r e s u l t s  discussed previously: 
i n  atmospheres not  containing O2 the  surface f i lm  formed 
during the  ohmic hea t ing  per iod w a s  no t  s u f f i c i e n t l y  th i ck  
t o  support the  A1 once it had melted. When the  w i r e  broke 
and exposed molten m e t a l ,  the  mean m e t a l  temperature w a s  
b e l o w  the  appropriate  c r i t i ca l  temperature, and thus igni-  
t i o n  w a s  impossible. 
. 
In  02-containing atmospheres, a s i m i l a r  explana- 
t i o n  appl ies ,  except t h a t  a higher  mean temperature w a s  
a t t a ined  due t o  the  higher  oxidat ion rate,  and thus th i cke r  
oxide f i l m  i n  the  presence of 02. 
t u re  w a s  not  exceeded before  the  w i r e  broke, however. 
The cr i t ical  tempera- 
These r e s u l t s  are exac t ly  equivalent  to  those 
obtained previously i n  O2 and i n  C02: i n  the  former case,  
the  unanodized w i r e  could not  be ign i t ed  reproducibly a t  
t o t a l  pressures  of 200 t o r r  o r  less (7,  9 ) ,  and i n  the  
l a t t e r  case i g n i t i o n  w a s  never observed (19, 20). 
t a in ing  O2 anodized A1 w i r e s  would i g n i t e  i n  t h e  cy l ind r i -  
cal  vapor-phase i g n i t i o n  flame previously observed i n  C 0 2  
atmospheres (21)  and shown i n  Fig. 23.  This p red ic t ion  
was completely subs tan t ia ted  a s  t h i s  type of  i g n i t i o n  
f l a m e  w a s  observed i n  pure H20,  H20-Ar, and H20-C02 mix- 
t u r e s  a t  t o t a l  p ressures  from 50 t o  200 t o r r .  
t i o n  flame w a s  no t  observed: i g n i t i o n  occurred when the  
w i r e  broke a t  t he  exposed m e t a l  ends. 
34, t he  average t o t a l  power a t  i g n i t i o n  i s  considerably 
higher i n  t h i s  l a t t e r  case. 
under t h e  circumstances expected on the  basis of the  ear l ier  
experiments with O2 and C02. 
i n  t o t a l  power a t  i g n i t i o n  w e r e  obtained, 
It was predic ted  t h a t  i n  H 2 0  mixtures not  con- 
I n  H20-02 mixtures, however, t h i s  type of igni-  
As is  seen i n  Table 
The two d i f f e r e n t  types of i g n i t i o n  w e r e  observed 
Furthermore, s i m i l a r  t rends  
e. Summary 
On the  basis of the  i g n i t i o n  c r i t e r i o n  and the  
i g n i t i o n  l i t e r a t u r e ,  it w a s  expected t h a t  the  i g n i t i o n  of  
M g  i n  H 2 0  would be similar t o  t ha t  i n  0 
to  e l eva te  the i g n i t i o n  temperature i n  combination w i t h  
H20. The experimental r e s u l t s  obtained with M g  ribbons i n  
the wire-burning apparatus i n  var ious H20-containing atmo- 
spheres  subs tan t ia ted  these p red ic t ions  i n s o f a r  as possible.  
a t  temperatures high compared t o  those below t h e  A 1  i g n i t i o n  
C02 w a s  expected 
2 -  
Since, l i k e  C02, H 2 0  d i s s o c i a t e s  t o  y i e l d  O2 only 
temperatures, t he  i g n i t i o n  of both types of A1 w i r e  i n  w e t  
atmospheres w a s  expected t o  be exac t ly  equivalent  t o  t h a t  
i n  the var ious C02 combinations. Such w a s  found t o  be the  
case, a s  unanodized A 1  w i r e s  could not  be i g n i t e d  i n  pure 
H 2 0  o r  i n  H20-Ar  o r  H20-C02 mixtures (as i n  C02-Ar mixtures) .  
In these three atmospheres, the c y l i n d r i c a l  vapor-phase 
i g n i t i o n  flame w a s  observed with the anodized A1 w i r e  (as 
i n  C02-Ar mixtures) ,  b u t  i n  H20-02 mixtures the  anodized 
w i r e s  broke and then ign i t ed  (as i n  02-C02 mixtures).  
cons i s t en t  between the ear l ier  O2 and C 0 2  i nves t iga t ions  
and the present  H 2 0  i nves t iga t ion  for both the Mg' ribbon 
and anodized A 1  w i r e .  The absolute  values,  however, w e r e  
no t  comparable because of the  d i f f e r e n t  equipment used i n  
the inves t iga t ions  and because of the  lower pressures  of 
i n t e r e s t  i n  the H 2 0  experiments. 
s a r i l y  q u a l i t a t i v e  experimental r e s u l t s  obtained i n  the  
wire-burning apparatus have been discussed. The e a r l y  de- 
velopment of the  model of m e t a l  i g n i t i o n  w a s  demonstrated 
and subsequent r e s u l t s  on the i g n i t i o n  of  Mg ribbons and 
anodized and unanodized A 1  w i r e s  i n  H 2 0  mixtures w e r e  de- 
scribed. 
Trends observed i n  t o t a l  power a t  i g n i t i o n  w e r e  
To conclude, i n  t h i s  chapter some of the neces- 
I n  the next chapter i s  given a discussion of re- 
s u l t s  obtained i n  the induction furnace, an experimental 
apparatus designed t o  give quan t i t a t ive  r e s u l t s  and thus 
t e s t  the m e t a l  i g n i t i o n  c r i t e r i o n ,  
most study, andsome experiments were performed with Al. The 
d i f f i c u l t i e s  w h i c h  c u r t a i l e d  the  A 1  i nves t iga t ion  a re  described 
i n  Chapter VII, 
Mg and Ca received the  
CHAPTER VII - QUANTITATIVE STUD~ES OF THE IGNITION 
O F  MAGNESIUM AND CALCIUM 
1. Introduct ion 
Qual i ta t ive  r e s u l t s  obtained i n  the  wire-burn- 
i ng  apparatus on the i g n i t i o n  of M g  ribbons and A 1  w i r e s  
w e r e  described i n  the  preceding chapter, Although such 
r e s u l t s  can be in t r ep re t ed  i n  t e r m s  of t he  physical  model 
of metal i g n i t i o n ,  and although these r e s u l t s  w e r e  re- 
sponsible f o r  the  o r i g i n a l  development of the  model, quan- 
t i t a t i v e  experimentation is  necessary i n  order  t o  examine 
i n  d e t a i l  the  v a l i d i t y  of the  model. 
concerned with these l a t t e r  s tud ies .  
This chapter  i s  
Quant i ta t ive i g n i t i o n  r e s u l t s  w e r e  obtained i n  
the  induction furnace f a c i l i t y  which w a s  described i n  
Chapter V. 
t o  measure i g n i t i o n  and c r i t i ca l  temperatures f o r  Mg and 
Ca.  
Three basic types of experiments w e r e  performed 
Preliminary experimentation with AI was accomplished. 
the  sample and c ruc ib l e  w e r e  placed d i r e c t -  
l y  within the  work c o i l  of the  induct ion 
furnace by means of an appropriate  fire- 
b r i c k  arrangement. The furnace output  power 
w a s  var ied i n  such a way t o  give a s  l i n e a r  
a rate of change of sample temperature w i t h  
respec t  t o  t i m e  as possible .  Ign i t i on  was 
defined as t he  sample temperature j u s t  
p r i o r  t o  temperature runaway, and values 
so obtained w e r e  compared with the  thermo- 
couple i g n i t i o n  temperature a t  the  appear- 
ance of the  flame, as determined by the  
Rayotube. The independent va r i ab le s  of 
i n t e r e s t  i n  the  i g n i t i o n  temperature ex- 
periments w e r e  the  oxidizing gas com- 
p o s i t i o n  and t o t a l  pressure,  sample sur- 
face  area t o  volume r a t i o ,  and appl ied 
hea t ing  rate. 
Two types of  isothermal furnace o r  c r i t i c a l  t e m -  
(1) I g n i t i o n  temperature experiments i n  which 
pera ture  experiments w e r e  performed: i n  both types a sus- 
ceptor  , which couples p r e f e r e n t i a l l y  with the  magnetic 
f i e l d  of the  work c o i l ,  was or ien ta ted  j u s t  ins ide  of 
the c o i l .  These hollow c y l i n d r i c a l  susceptors ,  within 
which the sample and cruc ib le  were placed, w e r e  held a t  
a predetermined temperature i n  the automatic furnace 
cont ro l  mode, t o  provide the isothermal furnace environ- 
ment f o r  the sample. The d i f f e r e n t  types of c r i t i c a l  
temperature experiments were a s  follows: 
A c r i t i c a l  temperature experiment i n  which 
the sample was heated i n  the oxid iz ing  
gas t o  a predetermined temperature below 
the i g n i t i o n  temperature a s  determined i n  
Experiment (1) above. The susceptor  t e m -  
pera ture  was maintained constant ,  and, 
a f t e r  equi l ibr ium had been a t t a ined  by 
the  sample (time zero) 0 the  va r i a t ion  of 
sample temperature was monitored, I f  the 
sample was a t  o r  above i t s  c r i t i c a l  t e m -  
pera ture  i n i t i a l l y ,  se l f -hea t ing  and 
eventual  i g n i t i o n  were observed. Thus 
i g n i t i o n  delay times as a funct ion of 
i n i t i a l  sample temperature were measured. 
( 3 )  Another c r i t i c a l  temperature experiment 
i n  which the sample was heated t o  i n i t i a l  
equi l ibr ium i n  an i n e r t  gas ( A r ) .  When 
equi l ibr ium was es tab l i shed ,  the chamber 
was evacuated and then f i l l e d  with the 
des i red  oxid iz ing  gas. Unfortunately,  
during the evacuation process  the furnace 
had t o  be turned of f  i n  order  t o  avoid 
e l e c t r i c a l  a rc ing  between the work c o i l  
and the  susceptor o r  sample a t  low pres- 
sures ,  and thus the  sample cooled some- 
what during t h i s  evacuation and r e f i l l .  
Furthermore, because of  the d i f f e r i n g  
hea t  t r a n s f e r  coe f f i c i en t s  between the A r  
and the  oxid iz ing  gas,  the second sample 
equi l ibr ium temperature, obtained i n  the  
oxid iz ing  gas,  was i n  general  no t  equal 
t o  t h a t  a t t a ined  i n  the  i n e r t .  Further 
d e t a i l s  a r e  given l a t e r  i n  the  chapter.  
Again, i f  a t  t h i s  second equi l ibr ium t e m -  
pera ture  the sample was a t  o r  above i t s  
c r i t i c a l  temperature, it would eventua l ly  
ign i t e .  
The major d i f fe rence  between crj t i ca l  temperature 
experiments (2) and ( 3 )  is  t h e  thickness of oxide present  
a t  the  s t a r t  of the  experiment a t  equilibrium i n  the  oxi- 
d iz ing  gas. In  (2), s ince  the  sample w a s  heated i n  the  
oxid izer ,  i n  p r i n c i p l e  the  oxide thickness  f o r  the i n i t i a l  
sample temperature i s  present .  However, i n  ( 3 ) ,  i d e a l l y  
only the  room-temperature thickness  i s  present  when the  
oxid izer  i s  admitted a t  temperature. Thus the  dependence 
on oxide thickness of c r i t i ca l  temperature (and i g n i t i o n  
temperature a s  determined i n  these experiments) w a s  examined. 
c r i t i c a l  temperature experiments, the  independent va r i ab le s  
w e r e  no t  var ied over as wide ranges as i n  the  i g n i t i o n  t e m -  
pera ture  experiments, as w i l l  be discussed f u r t h e r  i n  the  
following sect ions.  The appl ied furnace heat ing rate w a s  
standardized t o  g ive  a sample temperature rise r a t e  of about 
5 ooC/min. A l s o ,  once equilibrium was e s t ab l i shed  i n  the  
oxidizing gas i n  e i t h e r  type of experiment, t he  experiment 
was terminated a f t e r  1 hr .  If the sample had not  i gn i t ed ,  
it w a s  considered to  be b e l o w  i t s  c r i t i ca l  temperature; 
Because of the  t i m e  consuming nature  of the  
t ha t  i s ,  the  c r i t i c a l  temperatures measured i n  the  present  
experiments w e r e  defined i n  t e r m s  of a 1 h r  i g n i t i o n  delay 
t i m e  . 
Before ,d i scuss ing  the  experimental r e s u l t s  which 
have been obtained on the  i g n i t i o n  of Mg, Al, and C a ,  a 
b r i e f  discussion w i l l  be given of the  t rends  expected on 
the  basis of the  phys ica l  model of metal i g n i t i o n  f o r  
v a r i a t i o n s  of the  experimental parameters. To repeat ,  
the independent va r i ab le s  are gas pressure and composition, 
metal sample s i z e ,  and appl ied furnace hea t ing  r a t e .  The 
e f f e c t  of induction heat ing w i l l  also be examined. 
The i n t e r s e c t i o n  of the  ;Ichem and Gloss curves 
which occurs a t  the c r i t i c a l  temperature i s  i n  the  low 
' (131) 
temperature regime, i n  which t h e  reac t ion  rate is  k i n e t i c a l l y  
control led.  The pressure dependence of t h i s  i n t e r s e c t i o n  
may be examined as follows: 
( V I I - 1 )  
( V I I - 2 )  
(VII-3) 
(VII-4) 
( V I  I- 5) 
where it has been assumed t h a t  the  conduction h e a t  loss . 
i n t o  the  sample, qcOnd, 
independent of g'as pressure ,  and where 
and r ad ia t ion  h e a t  loss, qr,are 
2 m = chemical reac t ion  rate, m o l e  fuel/cm sec;  
Q = chemical energy release, cal/mole fuel :  
a(T) , b ( T )  , and c ( T )  = funct ions of tempercjture in-, 
d e p e n d y t  of pressure,2cal/cm sfic t o r r  , 
cal/cm sec, and c a l / c m  sec t o r r  8 re- 
spec t ive ly ;  
conducsion h e a t  l o s s  i n t o  the  gas ( g ) ,  
cal/cm sec; 
= m e t a l  sur face  temperature, OK; 
= 
TS 
qcond, g 
= t o t a l  pressure ( t o t ) ,  o r  par t ia l  pres- 
sure  of ox id i ze r  (ox) o r  d i l u e n t  ( a i l ) ,  
t o r r :  
P i  
n, m = pressure dependence exponents, dimensionless. 
The complicated na ture  of t he  functions a, 
b, and c8 and the  uncertainty i n  t h e  numerical values of 
the  parameters which they involve preclude any f u r t h e r  
progress with Eqn. (VII-6), which g ives  the  oxid izer  pres- 
sure  dependence of the  c r i t i ca l  temperature. However, 
t he  pressure dependence of the  i g n i t i o n  temperature may 
also be examined, 
the  equation def in ing  the  For Tcrit' Ttrans8 
i g n i t i o n  temperature i s  Eqn. (11-55): 
(11-55) 
(VII-7) 
w h e r e  A ( T ) ,  B ( T ) ,  and C(T)  a r e  functions of temperature 
independent of pressure 
2 and cal/cm s e c ° K  to r rm,  respect ively.  
Again, A, B,  and C cannot be ca lcu la ted ,  h u t  by 
comparison of Eqn. (VII-6) and (VII-9) it is  seen t h a t  i n  
any case the  pressure dependences of  t he  c r i t i c a l  and igni-  
t i o n  temperatures may be s i m i l a r  f o r  m e t a l s  whose bulk 
2 2 cal/cm s e c ° K  torrn, cal/cm SecOK, 
i g n i t i o n  is  cont ro l led  by the former. 
pera ture  i s  ava i lab le  only from examination of the  per- 
t i n e n t  l i t e r a t u r e  on the oxidat ion of the  p a r t i c u l a r  
metal-oxidizer system. Such es t imates  have been made 
i n  cases  f o r  which s u f f i c i e n t  da ta  a r e  ava i lab le  and 
a re  presented i n  Table 13. 
The pressure  dependence of the t r a n s i t i o n  t e m -  
Other than oxid izer  pressure  and mole f r ac t ion ,  
a second independent var iab le  i n  the experiments i s  the 
metal sample s i z e ,  o r  more prec ise ly ,  the surface area 
t o  volume r a t i o  of the sample. It has  been shown i n  
Chapter I1 t h a t  the c r i t i c a l  temperature decreases  w i t h  
decreasing sample s i z e  ( increasing S/V) , and tha t  there- 
fore  the t r a n s i t i o n  temperature, which is independent of 
s i z e  (Chapter 111), w i l l  become con t ro l l i ng  i n  ign i t ion .  
Thus for  M g ,  whose bulk i g n i t i o n  is  cont ro l led  by i ts  
c r i t i c a l  temperature ( a s  shown i n  Chapter I V ) ,  a s  the 
sample s i z e  i s  decreased, the i g n i t i o n  temperature is  
expected t o  decrease accordingly t o  its t r a n s i t i o n  t e m -  
perature .  
i t s  i g n i t i o n  is  cont ro l led  by i ts  t r a n s i t i o n  temperature 
(see Chapters 111 and I V ) ,  no s i z e  e f f e c t  i n  i g n i t i o n  
temperature is expected, 
For A l ,  however, because it is thought t h a t  
F ina l ly ,  f o r  Ca i n  02, i n  Appendix IIit was con- 
cluded t h a t  i t s  bulk i g n i t i o n  i s  cont ro l led  by i t s  t ran-  
s i t i o n  temperature: no conclusion was reached f o r  the 
Ca-C02 system a s  no oxidat ion da ta  a r e  ava i lab le  i n  the  
l i t e r a t u r e .  I n  Section 4 of t h i s  chapter ,  however, it 
w i l l  be seen t h a t  the bulk i g n i t i o n  of Ca i n  both gases 
i s  cont ro l led  by the appropriate  c r i t i c a l  temperatures. 
c r i t i c a l  temperature on appl ied furnace hea t ing  r a t e  is  
The dependence of t r a n s i t i o n  temperature and 
d i f f i c u l t  t o  p red ic t .  I n  t h e  case of the  f b r m e r  temper- 
a ture ,  s ince  it is  estimated from isothermal oxidat ion ex- 
periments, i n  which equilibrium is  es tab l i shed ,  these t e m -  
peratures  may possibly be upper l i m i t i n g  values ,  t h a t  i s ,  
for  the case of zero heat ing r a t e .  As t h e  heat ing ra te  
is  increased from zero,  it might be expected t h a t  t he  
t r a n s i t i o n  temperature w i l l  decrease somewhat as a r e s u l t  
of thermal grad ien ts  cracking the  f i l m  a t  a l o w e r  tempera- 
t u re .  However, t h i s  t rend with applied heat ing rate is  
exact ly  the opposite of  t h a t  indicated by l i t e r a t u r e  stud- 
i es  of this effect ,  as discussed i n  Section 0.c of Chapter 
111. A s  noted there ,  i n s u f f i c i e n t  experimental evidence 
i s  ava i l ab le  t o  come t o  a d e f i n i t e  conclusion. 
Also, the c r i t i c a l  temperature dependence on applied 
furnace heat ing rate is  not  clear. Several  simple cases 
may be imagined: f o r  temperatures above the t r a n s i t i o n  
temperature, qchem should be independent of applied 
heat ing rate,  tha t  is ,  of oxide thickness.  I f  it i s  
assumed t h a t  t h e  ra te  of h e a t  l o s s  from the  sample sur- 
face i s  independent of the  heat ing ra te  a t  any given sur- 
face temperature, then the  only effect  of the increases  
heat ing ra te  w i l l  be t o  increase the magnitude of the  heat 
) a t  t h a t  Ts. Under t h i s  input  ra te  (qchem i- lIapplied 
assumption, because the  qchem curve is displaced upwards 
and because the qloss curve remains the same on the heat-  
ing curve diagram (see Fig. 3c) ,  the  c r i t i c a l  -tempera- 
t u r e  in t e r sec t ion  w i l l  move t o  lower temperatures as the  
applied hea t ing  rate is  increased. 
I n  a c t u a l i t y ,  SIloss w i l l  increase w i t h  increasing 
applied heat ing r a t e ,  because the c e n t r a l  sample tempera- 
t u r e  w i l l  l a g  fu r the r  behind the surface temperature as 
and consequently Tcrit and Tign, may increase w i t h  in- 
creasing hea t ing  rate. 
the hea t ing  ra te  is  increased. Thus both echem and %ass, 
For temperatures below the  t r a n s i t i o n  temperature, 
curve i s  a funct ion of oxide thickness  (or  t i m e ) ,  the &,hem 
and thus a l s o  of appl ied furnace hea t ing  r a t e .  As can be 
seen from Fig. 6a, the  f a s t e r  the  hea t ing  rate, the  less 
w i l l  be the  value of ;Ichem a t  a given value of Ts, and 
t h i s  t rend  may tend t o  cancel the  increase  i n  qapplied. 
I n  the  more rea l i s t ic  c .se, however, i n  which 
increases  with increas ing  hea t ing  rate, the  t rend 
is  unclear and may go i n  e i t h e r  d i r e c t i o n ,  depending on 
the  r e l a t ive  displacements of the Ginput and kloSs curves 
as funct ions of appl ied furnace hea t ing  rate. 
ables i n  the  i g n i t i o n  and c r i t i c a l  temperature experi-  
ments performed i n  the  induction furnace f a c i l i t y  with Mg, 
Ca, and A 1  a r e  oxid izer  mole f r a c t i o n ,  t o t a l  pressure,  
sample s i z e ,  and furnace hea t ing  rate. When the  c r i t i ca l  
temperature con t ro l s  i n  i g n i t i o n ,  the  oxid izer  pressure  
t rend of the c r i t i c a l  and i g n i t i o n  temperatures i s  thought 
t o  be the same, according t o  the  model. For the  case of 
Mg, the  i g n i t i o n  temperature i s  predic ted  t o  decrease t o  
the  l i m i t i n g  value of the t r a n s i t i o n  temperature a t  a 
p a r t i c u l a r  pressure a s  the  sample S/V is  increased. The 
A 1  i g n i t i o n  temperature i s  expected t o  equal the  t r a n s i t i o n  
temperature i r r e s p e c t i v e  of  sample s ize .  The l a t t e r  t rend 
gloss 
To reiterate,  t he  important independent var i -  
i s  a l s o  expected f o r  C a  i n  O2 on the  basis of t he  l i tera-  
t u r e  review. 
I f  the  c r i t i c a l  temperature con t ro l s  i n  i g n i t i o n ,  
then both qchem and gloss are expected t o  increase with 
increas ing  appl ied hea t ing  rate. Therefore, both Tcrit 
and Tign w i l l  increase with t h i s  parameter. Since below 
decreases with the  t r a n s i t i o n  temperature, however, 
increas ing  hea t ing  rate, and s ince  t h i s  decrease m a y  tend 
t o  cancel  the  increase i n  gapplied with increasing hea t ing  
gchem 
. 
r a t e ,  t rends with hea t ing  rate a r e  unclear i n  cases  for  
which the i g n i t i o n  i s  cont ro l led  by Ttrans. 
must be examined before  considering the experimental re- 
s u l t s  i s  the use of induct ion heating. A s  w a s  mentioned 
b r i e f l y  i n  Chapter V, radio-frequency hea t ing  is  charac- 
t e r i zed  by the so-called sk in  e f f e c t ,  t h a t  is, the eddy 
cur ren ts  which a r e  induced i n  the sample by the a l t e r -  
nat ing magnetic f i e l d  of the work c o i l  (and which a r e  
pr imar i ly  responsible  f o r  t he  hea t ing  of the sample through 
ordinary ohmic heat ing)  tend t o  concentrate near the 
outer  edge of the sample. In  the geometry used i n  the 
present  inves t iga t ion  (a cy l ind r i ca l  work c o i l ) ,  the  
majori ty  of the hea t ing  w i l l  take place near the  outer  
circumference of the  cy l ind r i ca l  o r  c i r c u l a r  samples. 
The sk in  e f f e c t  i s  character ized by the depth 
of pene t ra t ion  s , which is  the depth (measured from the 
circumference of the sample) a t  which the  value of eddy 
cur ren t  per  u n i t  area has  decl ined t o  l /e  of i t s  value a t  
the surface (260):  
The f i n a l  experimental c h a r a c t e r i s t i c  which 
(VII-10) 
i s  the r e l a t i v e  magnetic permeabili ty,  p is  the 
where rr 3 conduct ivi ty  (mho/cm ) ,  and f i s  the frequency of the heat-  
ing cu r ren t  (cps) .  Eqn. ( V I I - 1 0 )  i s  appl icable  t o  la rge  
. samples i n  l a rge  c y l i n d r i c a l  c o i l s ,  a s  the  hea t  d i s t r ibu -  
t i o n  i s  a s t rong funct ion of the r e l a t i o n  between a x i a l  
c o i l  length and a x i a l  sample length (266).  
For the non-ferrous metals s tudied i n  the  present  
inves t iga t ion ,  the r e l a t i v e  magnetic permeabi l i ty  w i l l  be 
J 
(137) 
on the order  of one: a s  mentioned i n  Chapter VI the  no 
load frequency range of the low-frequency o s c i l l a t o r  of 
the ratio-frequency generator  is  500 t o  700 k i locyc les  
per  second. Taking a frequency of 5x1o5 cps and a con- 
duc t iv i ty  of zX1o5 M ~ / ~ ~ ~  ( typ ica l  fo r  g ,  AI, o r  ea  a t  
room temperature: obtained from r e s i s t i v i t y  da ta  l i s t e d  
i n  Ref. ( 5 ) )  0 the  depth of pene t ra t ion  6 may be calcu- 
l a t e d  from Eqn. ( V I I - 1 0 )  t o  be on the order  of 0.1 o r  0.2 
mm. Thus i n  the induction furnace experiments i n  which 
the sample i s  heated d i r e c t l y  within the  work c o i l ,  the  
hea t ing  i s  applied i n  a region extremely c lose  t o  the  
outer  edge of the sample. The e f f e c t  of t h i s  type of 
hea t ing  on the measured i g n i t i o n  and c r i t i c a l  temperatures 
w i l l  be discussed fu r the r  i n  the following sec t ions  of 
t h i s  chapter.  
2. Maqnesium 
Mg was chosen f o r  study i n  the induction furnace 
fo r  severa l  reasons: f i r s t l y ,  a s  indicated i n  Chapter I V ,  
t h i s  metal i g n i t e s  a t  r e l a t i v e l y  low temperatures and thus 
would present  no mater ia l s  problems: secondly, t he  wealth 
of experimental values  of i g n i t i o n  and c r i t i c a l  temperatures 
i n  the  l i t e r a t u r e  allows comparison with the  r e s u l t s  of 
the present  method: and f i n a l l y ,  t r a n s i t i o n  temperatures 
for  both the Mg.-02 and Mg-C02 systems a r e  well-defined. 
s tudied i n  the dry gas corcibinations of i n t e r e s t  l i s t e d  i n  
Chapter V. I n  Table 35, the  spec i f i ca t ions  fo r  the p a r t i -  
cu l a r  samples a re  l i s t e d :  impurity analyses of the source 
mater ia l s  may be found i n  Chapter V. 
The i g n i t i o n  of Mg samples of  four s i z e s  was 
The l a r g e s t  samples cons is ted  of Mg cyl inders  
of 2.38 cm diameter and 3.81 c m  length and were of average 
S/V equal t o  0.202 mm'l. These cy l ind r i ca l  samples a r e  
TABLE 35. 
MAGNESIUM SAMPLE DESIGNATIONS 
Designation 
MGI I 
MGIV 
MGV 
MGVI 
MGVI I 
MGIII 
Sample Average Sample 
Geometry S/V, mm-I Source Dimensions 
cylinder 0 ’ 202 2.38 cm 2.38 cm 
rod diam by 
3.81 cm 
cylinder 0.202 2.38 cm 2.38 cm 
rod diam by 
3.81 cm 
cylinder 0.202 2.38 cm 2.38 cm 
rod diam by 
3.81 cm 
wafer 0.772 2.38 cm 2.38 cm 
rod diam by 
1.59 mm 
0.254 mm 7.74 0.254 mm 3.34 cm 
foil foil diam by 
0.127 mm 15.02 0.127 mm 3.34 cm 
foil foil d i m  by 
0.254 mm 
0.127 mm 
Thermocouple 
Position 
center of 
bottom 
6 . 3  mm from 
top on center- 
1 ine 
25 mm from top 
on centerline 
center of top 
center of top 
center of top 
designated M G I I ,  MGIV, o r  MGV, depending on the placement of 
the sample thermocouple. For the M G I I  samples, the chromel- 
alumel thermocouple extended through the bottom of the con- 
t a in ing  c ruc ib le  and j u s t  touched the bottom of the sample. 
For the MGIV samples, a hole  was d r i l l e d  along the center- 
l i n e  of the cyl inder ,  and the  thermocouple, encased i n  
A 1 2 0 3  tubing, was mounted about 6.3 mm from the top sur- 
face of the cyl inder .  Final ly ,  f o r  the MGV samples, the 
thermocouple was mounted about 25 mm from the top of the 
sample on the center l ine .  I n  a l l  cases,  the bottom edge of 
the samples was beveled s l i g h t l y  t o  assure  tha t  the bottom 
surface was i n  contac t  w i t h  the  crucible .  
For purposes of the S/V ca lcu la t ion ,  it was 
assumed t h a t  the bottom surface of the cy l inder  was not  ex- 
posed t o  the oxidizing gas, and t h a t  the react ion surface 
thus consis ted only of the  s ide  (of 3.81 c m  length)  and 
the  top surface (of 2.38 c m  diameter) of t he  cy l inder ,  
Note t h a t  t h i s  geometrical surface area w a s  assumed even 
f o r  cases i n  which the  sample m e l t s  before  i g n i t i o n ,  t h a t  
is, f o r  a l l  correlations with respec t  t o  the  surface a rea  
t o  volume r a t i o  of a p a r t i c u l a r  sample, the  room-tempera- 
t u r e  value of S/V w a s  used. 
The volume of t he  samples w a s  obtained by weigh- 
ing  each sample before  an experiment and d iv id ing  by the  
room-temperature dens i ty  of M g ,  which w a s  taken as 1.74 
Because of poor thermocouple contact with the  
g/cm3 (5). 
sample, very f e w  experiments w e r e  performed with the  M G I I  
samples. For  those cases  i n  which i g n i t i o n  occurs above 
the  metal melting p o i n t  (C02-containing mixtures) ,  MGV 
samples w e r e  used, and f o r  those cases i n  which i g n i t i o n  
occurs a t  o r  below the  m e t a l  melting poin t ,  MGIV samples 
w e r e  used. 
A f e w  i g n i t i o n  temperature experiments w e r e  
performed with MGIV and MGV c y l i n d r i c a l  samples i n  which 
two Pt/Ptl3Rh thermocouples w e r e  mounted i n  the  sample, 
one on the  c e n t e r l i n e  and one halfway between t h e  center- 
l i n e  and the  ou te r  edge, i n a  o rder  t o  examine the  tempera- 
t u r e  d i s t r i b u t i o n  wi th in  the  sample. For an MGIV sample 
i n  O2 a t  a t o t a l  pressure of 300 t o r r  heated a t  an average 
i n i t i a l  rate of 61 OC/min, a t y p i c a l  discrepancy during 
hea t ing  between the  t w o  thermocouples was 2Ooc, with the 
s i d e  thermocouple ind ica t ing  the  higher  value. Both 
thermocouples ind ica ted  i g n i t i o n  simultaneously as the  
m e t a l  sample w a s  melting, with the  c e n t e r l i n e  thermocouple 
recording an i g n i t i o n  temperature of 641OC and the  s ide  
thermocouple ind ica t ing  643OC. 
b 
For an MGV sample i n  C 0 2  a t  a t o t a l  pressure 
0 of 300 t o r r  heated a t  an average i n i t i a l  rate of 53 C/min, 
a t y p i c a l  discrepancy during the hea t ing  b e l o w  the  m e t a l  
melting po in t  w a s  3OoC. 
the  maximum discrepancy between the  two thermocouples 
occurred i n i t i a l l y  and w a s  equal t o  ll°C. 
couples indicated i g n i t i o n  simultaneously; the  c e n t e r l i n e  
temperature was 788OC and the  s ide  value w a s  786OC. 
w a s  thus concluded t h a t  i n  t e r m s  of measuring the  i g n i t i o n  
temperature f o r  t he  l a r g e  Mg cyl inders ,  p lac ing  the  thermo- 
couple on the  c e n t e r l i n e  of the  sample introduced an e r r o r  
i n  the  measurement less than or  on the  order  of  experi- 
mental e r r o r .  
During the  melting of the  m e t a l ,  
Both thermo- 
It 
1 
The RF sk in  e f f e c t  i s  thought t o  be unimportant 
i n  cases i n  which the  M g  samples a r e  melting a t  o r  have 
melted before  i g n i t i o n ,  because reasonably uniform t e m -  
pera tures  are expected i n  melting o r  molten Mg. Note 
t h a t  the  smallness of the  depth of pene t ra t ion  of the  sk in  
e f f e c t  (on the  order  of 0.1 mm) precludes accurate  t e m -  
pera ture  measurement i n  the  zone where eddy cu r ren t s  are 
predominant . 
The second type of sample, designated MGVI and 
of average S/V equal t o  0.772 nun-', consis ted of Mg wafers 
of  2.38 c m  diameter and 1.59 mm thickness  (Table 35).  
Again, f o r  purposes of the  geometrical surface a rea  cal-  
cu la t ion ,  it w a s  assumed t h a t  only the  top and s ide  of 
the  wafer w e r e  exposed t o  the  oxidizing gas. Two s m a l l  
holes  w e r e  d r i l l e d  through these  samples and t h e i r  cru- 
cibles, and the  chromel-alumel thermocouples w e r e  mounted 
on the  cen te r  of t he  top surface of the  sample. 
' E s t i m a t e s  of experimental e r r o r  are discussed shor t ly .  
(141.) 
Fina l ly ,  the i g n i t i o n  of f o i l s  of two thicknesses ,  
0.127 and 0.254 mm, was invest igated,  The c i r c u l a r  samples 
were of 3.34 c m  diameter and were designated M G I I I  and 
MGVII ,  respect ively.  Because the f o i l s  w e r e  no t  per fec t -  
l y  f l a t ,  and because t h e i r  curvature increased as they 
were heated, t o  ca l cu la t e  t h e i r  surface area it was 
assumed t h a t  both top and bottom surface w e r e  exposed 
t o  the oxidizer .  Average S/V f o r  the 0.127 and 0.254 mm 
f o i l s  were 15.02 and 7.74 mm-l, respect ively.  
wafers, the sample thermocouples extended through the 
c ruc ib le  and sample and were i n  contac t  with the  center  
of the  top surface of the f o i l .  
A s  f o r  the 
2 
I n  order  t o  examine the surface temperature 
d i s t r i b u t i o n  on the f o i l  and wafers, an i g n i t i o n  tempera- 
t u r e  experiment was conducted with a 0.127 mm f o i l ,  with 
Pt/Ptl3Rh thermocouples mounted on the top of the  sample, 
one i n  the center  and one halfway between the center  and 
the outer  edge. 
with a sample hea t ing  r a t e  of 59OC, the  s ide  thermocouple 
l e d  the cen te r l ine  thermocouple by about 5 C during the 
i n i t i a l  heat ing.  Ign i t ions  w e r e  simultaneous: t he  s ide  
thermocouple ind ica ted  an ign i t i on  temperature of 450 C,  
and the  cen te r l ine  431 OC. Experimentation was continued 
with one thermocouple mounted i n  the center  of the  sample. 
I n  O2 a t  a t o t a l  p ressure  of 300 t o r r  
0 
0 
For the  wafer and f o i l  samples, the a x i a l  work 
c o i l  thickness  was much g r e a t e r  than the thickness  of 
the  sample ( the  r a t i o  was about 63 fo r  the wafers, the 
t h i c k e s t  samples). I n  a geometrical s i t u a t i o n  of t h i s  
type, the zone of hea t ing  of the magnetic f i e l d  w i l l  not  
be l i m i t e d  t o  the outer  circumference of the sample: r a the r ,  
21n preliminary experiments the thermocouples extended only 
through the c ruc ib les  and touched the  f o i l s  on t h e i r  bottom 
surface.  When the induct ion furnace was turned on, the 
s t a r t i ng '  t r a n s i e n t  was s u f f i c i e n t  t o  f l i p  the f o i l  ou t  of the 
crucible .  Thus the above method of anchoring the  samples 
was necessary. 
the  top and bottom surfaces  w i l l  a l s o  be heated, and the 
maximum hea t ing  w i l l  occur a t  the outer  radius  on the top 
and bottom edges of the  sample (266). Thus there  w i l l  be 
some discrepancy between the temperature i n  t h i s  zone of 
maximum hea t ing  and t h a t  indicated by the thermocouple 
centered on the top surface of the sample. Estimates of 
t h i s  e r r o r  may be obtained by varying the applied hea t ing  
r a t e ,  a s  w i l l  be discussed i n  l a t e r  sect ions of t h i s  
chapter. However, a s  i g n i t i o n  was taken t o  be t h a t  t e m -  
pera ture  j u s t  p r i o r  t o  the spreading flame enveloping the  
thermocouple, the e r r o r s  i n  ign i t i on  temperature due t o  
the skin e f f e c t  should be s l i g h t .  
' 
A l l  thermocouples were ca l ib ra t ed  i n  s i t u  when- 
ever poss ib le  by observation of the m e t a l  melting point ,  
e i t h e r  during the i n i t i a l  hea t ing  o r  subsequent t o  igni-  
t ion.  I n  some cases ,  a metal f reezing po in t  was a l s o  de- 
termined; f o r  each spec i f i c  s i z e  both temperatures were 
compared with the Mg' melting poin t  of 65OoC ( 6 ) ,  and an 
average temperature e r r o r  fo r  each s i z e  was deduced. Note 
t h a t  t h i s  type of c a l i b r a t i o n  includes a l l  poss ib le  extran- 
eous sources of e r r o r ,  such a s  induction hea t ing  of the  
thermocouple, lack of contac t  between the thermocouple and 
the sample, e r r o r s  i n  recorder reading, and so for th .  
Throughout the  Mg inves t iga t ion ,  the average experimental 
e r r o r  was on the order  of 5 t o  10 OS. 
a. Ign i t i on  Temperature Experiments 
For the l a rge  Mg cyl inders  ( M G I I ,  MGIV, and MGV), 
the  experimental r e s u l t s  a r e  shown i n  Fig, 24: the  datum 
from each i g n i t i o n  temperature experiment is  p l o t t e d  
versus t o t a l  pressure on a logarithmic scale .  A t  l e a s t  
two experiments w e r e  performed a t  each test  poin t ,  which 
a r e  l i s t e d  i n  the f igure  and i n  Chapter V. R e s u l t s  a r e  
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missing i n  some cases a t  t o t a l  pressures  of 50 and 100 
t o r r ,  because a rc ing  occurred between the  tu rns  of the  work 
c o i l  before  the  sample ign i ted .  Also, occasional ly  arc- 
induced i g n i t i o n s  w e r e  observed: these da t a  are not  in- 
cluded i n  the  f igure.  
me heavy s o l i d  l i n e s  i n  Fig'. 24 are the  
average i g n i t i o n  temperatures as a function of t o t a l  pres- 
sure  i n  the  var ious gas compositions, connected fo r  convenience 
by s t r a i g h t  l i n e s  between the  t e s t  points .  From the  f igure  
it is  seen t h a t  the  average temperature e r r o r  ( as determined 
by measurement of the  m e t a l  melting and freezing po in t s )  fo r  
the  l a rge  Mg cyl inders  w a s  about 5 OC. 
i n  Fig, 24 w a s  obtained as followsi3 i n  the  approximate 
temperature range from 50 t o  3OO0C, the  sample thermo- 
couple output  was taken a s  l i n e a r  over one minute of  the  
heat ing period. Such a measurement was made f o r  each 
experiment. The value reported i n  the  f igu re  i s  the  
average of  t he  ind iv idua l  values f o r  a l l  the  experiments 
performed with a sample S/V equal t o  0,202 m-', 
inf luence of hea t ing  r a t e  on i g n i t i o n  temperature w i l l  
be described below, 
cy l inders  i n  a l l ' t h e  oxidizing gases seve ra l  well-defined 
t rends  a r e  evident. The i g n i t i o n  temperature i n  O2 o r  
0,-Ar i s  independent of pressure,  a r e s u l t  of i g n i t i o n  
The average i n i t i a l  heat ing rate which is  given 
The 
It is  seen from Fig. 24 t h a t  f o r  the  l a r g e  Mg 
3The temperature d i f f e r e n t i a t i n g  c i r c u i t  described i n  
Chapter V, which when used w i t h  the  furnace automatic con t ro l  
gave a constant  rate of change of temperature, w a s  not  com- 
p l e t ed  u n t i l  a f t e r  the  completion of the  Mg inves t iga t ion .  
Thus f o r  t he  Mg experiments, the  temperature output  w a s  kept  
as l i n e a r  with respec t  t o  t i m e  over the  e n t i r e  temperature 
range of i n t e r e s t  as was poss ib l e  manually. 
occurring a t  t h e  m e t a l  melting po in t  of 65OoC (6).  
was observed t h a t  t h e  Mg samples began t o  m e l t  on t h e i r  
ou te r  surface,  due t o  the  radio-frequency sk in  e f f e c t .  
Ig'nition genera l ly  occurred i n  t h i s  region, and t h e  sub- 
sequent f l a m e  spread enveloped the  sample. A s  t he  cen te r  
por t ion  of the  sample near  t h e  thermocouple had no t  y e t  
melted, t he  thermocouple ind ica ted  a somewhat l o w e r  igni-  
t i o n  temperature, A s  w a s  shown i n  Appendix I1 t h e  f a c t  
t h a t  t he  i g n i t i o n  temperature cf bulk Mg i s  equal t o  the  
m e t a l  melting po in t  has  not  been s t r e s sed  i n  the  l i tera-  
tu re ,  
It  
I n  C02-containing mixtures, i g n i t i o n  occurred 
above the  m e t a l  melting poin t ,  and the  i g n i t i o n  tempera- 
t u r e  i s  a s t rong  function of pressure.  This  i s  not  a 
r e s u l t  of d i f f u s i o n a l  dependence of the  i g n i t i o n  tempera- 
t u re ,  f o r  i f  t h e  da t a  are p l o t t e d  versus the  C02 p a r t i a l  
pressure r a the r  than versus the  t o t a l  pressure,  the C02 
and C02-Ar r e s u l t s  are e s s e n t i a l l y  equivalent ,  as  i s  
shown i n  Fig. 25, (The average i g n i t i o n  temperatures, 
t h a t  i s ,  t h e  heavy s o l i d  l i n e s  i n  Fig, 24, a r e  shown i n  
Fig. 25.) Note the  i n h i b i t i n g  e f f e c t  t ha t  C02 has  upon 
the  Mg'-02 i g n i t i o n ,  a s  indicated by t h e  02-C02 r e s u l t s  
i n  Fig. 24. 
It  w a s  noted t h a t  there was poor c o r r e l a t i o n  
between the  thermocouple i g n i t i o n  temperature t rends  and 
those of the  br ightness  i g n i t i o n  temperature, a s  measured 
by the  Rayotube; t h i s  disagreement w a s  observed f o r  t h e  
o the r  sample s i z e s  as w e l l ,  The l ack  of c o r r e l a t i o n  is  
a t t r i b u t e d  t o  severa l  causes: f i r s t l y ,  it i s  no t  poss ib le  
t o  focus the Rayotube u n t i l  the t a r g e t  i s  a t  a br ight -  
ness temperature of 45OoC; a t  t he  low temperatures en- 
countered i n  the i g n i t i o n  of Mg, focusing w a s  extremely 
146 
I 
8 
0" 
8 
0 
0 
i 
0 
0 
rc) 
-30'3tl~lVt13dW31 NOIlIN9l 39Vt13AV 
FIGURE 25 
d i f f i c u l t .  Furthermore, the  placement of  t he  sample i n  
the  work c o i l  i s  c r i t i ca l ,  and although it w a s  maintained as 
constant  a s  possible ,  s l i g h t  v a r i a t i o n s  from experiment t o  
experiment gave l a rge  va r i a t ions  i n  Rayotube viewing 
area,  and thus br ightness  temperature. The nature  of t he  
m e t a l  surface near the  i g n i t i o n  event was genera l ly  ex- 
tremely unsmooth, and l a r g e  oxide pus tu les  w e r e  observed 
t o  grow i n  i s o l a t e d  areas.  Thus the emiss iv i ty  of the  
surface var ied from experiment t o  experiment. For these 
reasons, l i t t l e  value was placed on the  br ightness  igni-  
t i o n  temperatures, and no attempt w a s  made t o  c a l c u l a t e  
a mean emiss iv i ty  f o r  t he  sample surface.  Therefore, 
f o r  t he  Mg inves t iga t ion ,  the  primary use of the  Rayo- 
tube w a s  t o  def ine  i g n i t i o n  i n  t e r m s  of the  appearance 
of a flame ( t h a t  is ,  i n  t e r m s  of maximum r a t e  of change 
of l i g h t  i n t e n s i t y  emitted by the  sample). 
The thermocouple reading a t  t h i s  i g n i t i o n  t e m -  
pera ture  (flame appearance) w a s  compared with the  thermo- 
couple i g n i t i o n  temperature defined by maximum r a t e  of 
change of sample t e m p e r a t ~ r e . ~  
s i z e  i n  any of t h e  gas combinations over the  e n t i r e  pres- 
sure  range of i n t e r e s t ,  t he  i g n i t i o n  temperatures as ob- 
ta ined  by these two d e f i n i t i o n s  w e r e  equivalent,  within 
experimental e r r o r .  Occasionally, with the l a r g e  Mg 
cyl inders  a discrepancy was observed, b u t  w a s  invar iab ly  
a r e s u l t  of t he  i n i t i a l  flame appearing o u t  of view of 
the Ray0 tube. 
For Mg’ samples of any 
The i g n i t i o n  temperature of the MGVI wafers i n  
O2 o r  02-Ar  i s  a l s o  equal t o  the melting po in t  of t he  
m e t a l ,  although the  temperatures shown i n  Fig. 26 are 
somewhat lower than those f o r  the  Mg cyl inders ,  as i g n i t i o n  
‘ R e c a l l  t h a t  these  two d e f i n i t i o n s  are those genera l ly  
used t o  def ine i g n i t i o n  experimentally (see Chapter 11). 
I48 
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occurred someaLiat earlier i n  the  melting process. Con- 
siderable scatter i s  evident  i n  those r e s u l t s  obtained 
i n  C02-containing mixtures, w h i c h  is  a r e s u l t  ot t h e  
mode 02 i gn i t i on .  
I n  pure C02, 50%C!02-50%Ar, and 50%02-50%C02, 
during the melting of the m e t a l  occasional ly  br ight  
w h i t e  f l a shes  w e r e  observed on i s o l a t e d  sec t ions  ot t h e  
sangde.  I n  some cases, these f l a shes  led immediately 
t o  flame spread and cambustion, bu t  i n  o the r  cases, pre- 
dominantly a t  the l o w e r  p ressures  inves t iga ted ,  i g n i t i o n  
did not  occur u n t i l  w e l l  a t ter  t n e  metal had melted. 
Since se l f - sus ta in ing  combustion must follow i g n i t i o n ,  
and s ince  t h e  i n i t i a l  occurrence ot t h e  i s o l a t e d  f l a shes  
dia not  always lead t o  flame, ConsideraDly more scatter 
w a s  observed i n  t h e  wafer r e s u l t s  trian i n  tile cy l inae r  
r e s u l c s .  
I f  t he  average i g n i t i o n  teinperature t o r  t h e  
wafers a s  measared i n  tile C02-containing mixtures w a s  
graphed versus the C02 p a r t i a l  pressure, t h e  s i n e  r e s a l t  
as siiown i n  Fig. 25 was obtained. Thus, t o r  t h e  w a f e r s  
a l s o  the measured i g n i t i o n  tenperatures  ari? i n  the kin- 
e t i c a l l y  cont ro l led  regime o t  reaccion rate. 
I n  Fig. 2 7 ,  tile i g n i t i o n  temperatures f o r  t h e  
0.254 mm f o i l  as obtained i n  the vario-as oxia iz ing  gases 
are p l o t t e d  versus  the to t a l  gas pressure.  Considera.de 
scar,cer i s  seen i n  the CO and 50%202-50%Ar r e s u l t s ,  
w h i l e  those of tile otiler gas mixtures are more sclf-con- 
2 
s i s t e n t ,  Again, t h e  CO behavior resdts  train t n e  ano- 
malous type ot i g n i t i o n  wnicn w a s  onserved. 
2 
In  C02 or  C02-Ar, 03 s o m e  experimeacs t ne  follow- 
ing  phenonena were onservea: d l r i n y  tne i n i t i a l  hea t ing  
process,  i s o l a t e d  f l a shes  and glow's w e r e  observed on the 
ou te r  s ec t ions  of the sample sur face  a t  temperatures 50 
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o r  100°C below tile metal melting po in t  (Table 3 6 ) .  
ind ica ted  by r n e  sample tnermocouple, tile tenperature  
or tile sample then dropped from a temperature roughly 
equal t o  the me l t ing  po in t  t o  a t eape ramre  sone 200 C 
below the  metal melting point .  As heat ing  was continued, 
again f l a shes  w e r e  Observed, b u t  over a temperature range, 
s t a r t i n g  below the melting po in t  and corresponding rough- 
l y  t o  the temperature a t  which f lashes  were observed 
i n i t i a l l y .  F ina l ly ,  i f  hea t ing  was continued fu r the r ,  
the  e n t i r e  sample surface w a s  enveloped by a self-sus-  
t a in ing  flame a t  a temperature genera l ly  higher  than the  
metal melting po in t  (Table 3 6 ) .  
The occurrence of the f lashes  may be cor re la ted  
with the attainment of the  c r i t i c a l  temperature, bu t  only 
on t h a t  sec t ion  of the sample a t  which the  f l a s h  appeared. 
The c h a r a c t e r i s t i c  temperature drop can be a t t r i b u t e d  t o  
several  causes: f i r s t l y ,  during the  i n i t i a l  f lashing,  
poss ib ly  enough metal was consumed t h a t  the coupling be- 
tween the  metal and the magnetic f i e l d  of the work c o i l  
was subs t an t i a l ly  decreased; secondly, the  sample may 
have moved during the  f lash ing  i n  such a way t o  decrease 
the  coupling; t h i r d l y ,  during the  f lash ing  the  thermo- 
couple may have moved ou t  of contac t  with the sample, b u t  
the  c a l i b r a t i o n  with the metal melting poin t  (Table 3 6 )  
and the cons is ten t  na ture  of the temperature drop in- 
d i c a t e  t h a t  t h i s  explanation i s  unl ikely.  
discussed i n  the following sect ion,  the  susceptor pro- 
vided a magnetic sh i e ld  for  the sample, and t h i s  charac- 
As 
0 
I n  the  c r i t i c a l  temperature experiments t o  be 
t e r i s t i c  f lash ing  and temperature drop phenomenon was 
never observed, Thus t h i s  behavior i s  a t t r i b u t e d  e i t h e r  
t o  consumption of the metal by the rapid reac t ion  during 
the f lashing,  o r  t o  movement of the  melting Mg, This 
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phenomenon w i l l  be discussed fur ther  i n  the  sec t ion  con- 
cerned w i t h  the  effect of appl ied hea t ing  r a t e  on igni-  
t i o n  temperature, 
The average i g n i t i o n  temperature obtained i n  
t he  02-containing gas mixtures i s  p lo t t ed  versus the O2 
p a r t i a l  pressure i n  Fig, 28. The co r re l a t ion  i s  exce l len t ,  
again ind ica t ing  tha t  the  por t ion  of the appropriate  
‘chem 
cont ro l led  regime, I n  Fig. 29 a s imi l a r  p l o t  i s  shown 
fo r  the C02-containing mixtures: the ind ica ted  disagree- 
ment between the C02 and C02-Ar r e s u l t s  may be a t t r i b u t e d  
t o  the anomalous na ture  of the  ign i t i ons  as discussed 
previously,  r a the r  than t o  a d i f fus iona l  dependence of 
i g n i t i o n  temperature, 
M G I I I  0.127 mm f o i l s  a r e  shown i n  Fig. 30. Reproduc- 
i b i l i t y  i s  exce l len t ,  and cons is ten t  r e s u l t s  a r e  obtained 
with the  o ther  sample s i z e s ,  p a r t i c u l a r l y  w i t h  respec t  
curve a t  which i g n i t i o n  occurs i s  i n  the k i n e t i c a l l y  
Final ly ,  i g n i t i o n  temperature r e s u l t s  fo r  the 
t o  oxid izer  p a r t i a l  pressure dependence. 
Observation of the combustion of a l l  s i z e s  of 
Mg samples w a s  cursory because, a s  noted i n  Chapter v# 
it was des i rab le  t o  ext inguish the f i r e s  a s  soon a s  poss ib le  
a f t e r  i g n i t i o n  i n  order  t o  avoid damage t o  the  i n t e r i o r  
of the tes t  vessel .  
0 -CO mixtures, t he  samples burned with a white flame 
which was too b r i l l i a n t  t o  resolve any s t r u c t u r e  w i t h  the 
naked eye. 
more d i m  and sometimes orange-colored. Flame-spreading 
Generally, however, i n  02, 02-Ar ,  and 
2 2  
In  C02 and C02-Ar mixtures, the flame was much 
w a s  much slower i n  t h i s  case,  and a t  t i m e s  severa l  w e l l -  
defined f lamelets  occupied the  surface simultaneously. 
The products of  combustion i n  the 02-containing 
mixtures w e r e  predominantly white, and g r e a t  q u a n t i t i e s  
of white smoke were produced during the react ion,  In  the 
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carbonaceous gases much less smoke was produced, and the 
powdery products found i n  the  c ruc ib le  contained g r e a t  
amounts of black deposi ts ,  probably C. In  a l l  gas com- 
pos i t ions ,  the  b r i l l i a n c e  of the flame was observed t o  
increase w i t h  increas ing  oxid izer  pressure.  
It is i n t e r e s t i n g  t o  note the correspondence 
of the Mg-O2 i g n i t i o n  temperature for the  l a r g e r  samples 
and the appearance of the  f lashes  i n  the  experiments in- 
volving Mg i n  C02-containing mixtures w i t h  the melting 
poin t  of the  metal. This connection can be explained by 
an examination of Eqn, (11-44) and (11-38), which a r e  
repeated here fo r  convenience: 
where subscr ip t  i ind ica t e s  reac tan ts  and j products, 
Because of t he  d e f i n i t i o n  of enthalpy, a s  given 
by Eqn. (11-38), it is  noted t h a t  upon attainment of the 
melting poin t  of t he  metal, the t o t a l  enthalpy of the M g  
reac tan t  w i l l  increase by the hea t  of fusion, Therefore, 
by v i r t u e  of Eqn. (11-44), a t  the metal melting poin t  
qchem 
fusion. This increase w i l l  appear a s  a v e r t i c a l  jump i n  
the 'chem 
surface temperature diagram and accounts f o r  the noted 
correspondence between i g n i t i o n  temperature and m e t a l  
melting point .  
I 
0 
w i l l  a l s o  increase discontinuously by the heat of 
curve a t  the  metal melting po in t  on the 4 versus 
(1) The Ef fec t  of Total  Oxidizer Pressure 
By comparison of Fig,  24, 26,27, and 30, a 
well-defined pressure t rend  w i t h  respec t  t o  sample s i z e  
i s  observed: f o r  t h e  l a r g e s t  samples (Fig. 24), the  
CO i g n i t i o n  temperatures increase  with increas ing  
pressure,  and f o r  the  wafers (Fig, 26), the  C02 igni-  
t i o n  temperatures f i r s t  increase,  and then decrease with 
increas ing  pressure. (Because of t h e  correspondence of 
t he  Mg-O2 i g n i t i o n  temperature with the  m e t a l  melting 
po in t  f o r  these two sample s i z e s ,  no pressure dependence 
i s  ind ica ted  i n  02.) Fina l ly ,  f o r  the  f o i l  samples, the 
i g n i t i o n  temperatures decrease with increasing pressure  
f o r  a l l  gas  compositions (Fig, 27 and 30).  In  o the r  
words, by merely changing the  sample sur face  a rea  t o  volume 
r a t i o ,  the i g n i t i o n  temperature reverses  i t s  dependence 
on pressure: f o r  t h e  c y l i n d r i c a l  samples, it increases  
with pressure,  while f o r  the  wafers, it increases  and 
then decreases with increas ing  pressure:  fo r  the  smallest 
samples, it decreases uniformly with increas ing  pressure.  
This r e s u l t  can be explained by an examination of Eqn. 
2 
(VII-9) . 
A s  shown i n  Chapter 11, according t o  the  model 
t h e  t e r m  which depends most s t rongly  on sample s i z e  i s  
the  conduction h e a t  loss  i n t o  the  f u e l ,  which is  included 
i n  B(Tign) i n  Eqn, (VII-9). 
t o  increase  i n  magnitude as the  physical  s i z e  of  the  
sample i s  increased. Thus f o r  large samples t h i s  t e r m  
may overpower the  o the r  h e a t  loss t e r m s  (conduction i n t o  
the  gas  and r a d i a t i o n  lo s ses  t o  the  surroundings) included 
i n  the  second t e r m  on the  r i g h t  hand s i d e  of Eqn. (VII-9). 
I f  t h i s  second t e r m  i s  neglected with respec t  t o  the  f i r s t ,  
then f o r  t h e  i g n i t i o n  o f  l a rge  samples the  energy equation 
This t e r m  has  been shown 
(VII-9) may be approximated 
( V I  1-11) 
Any pressure dependence w i l l  thus  be given only by the 
chemical reac t ion  r a t e  and should be a funct ion only of 
p a r t i a l  pressure of the oxidizer .  Such a dependence was 
observed fo r  both the Mg cyl inders  and wafers i n  C02-con- 
t a in ing  mixtures, and is  shown for  the former samples i n  
Fig. 25, 
samples i s  increased, t he  magnitude of B(Tign) w i l l  de- 
crease,  and therefore  f o r  small samples, the  energy equa- 
t i o n  governing i g n i t i o n  may be approximated 
As the  surface area t o  volume r a t i o  of the  
( V I  I- 1 2 )  
Here a much more complicated pressure dependence i s  pre- 
d ic ted ,  and as  shown i n  Fig, 28 and 29 was observed fo r  
the smaller samples. 
duction loss i n t o  the sample is the important hea t  loss 
term is  a l s o  subs tan t ia ted  by the  experimental r e s u l t s  of 
Reynolds ( 2 2 0 ) -  This inves t iga tor  found ex- 
c e l l e n t  co r re l a t ion  between a theory developed f o r  calcu- 
l a t i o n  of i gn i t i on  temperatures of l a rge  samples and ex- 
perimental  values of i g n i t i o n  temperature for  s imi l a r  
samples only i f  the  hea t  loss term involving convection 
t o  the  gas atmosphere was neglected i n  the  ca lcu la t ion  
(see Section 12.c of Appendix 11). 
The r e s u l t  t h a t  fo r  l a rge  samples only the  con- 
(2) The Ef fec t  of Sample Size 
I n  Fig. 31 through 34, the  average i g n i t i o n  
temperature i s  p l o t t e d  versus  the surface area t o  volume 
r a t i o  fo r  the  var ious Mg samples: each graph i s  fo r  a 
p a r t i c u l a r  value of t o t a l  pressure.  
i t i o n  temperatures fo r  pure O2 and pure C02 a r e  shown as 
dashed hor izonta l  l i n e s ,  s ince  the  t r a n s i t i o n  temperature 
i s  independent of sample s i z e ,  a s  was shown i n  Chapter 
111. 
The estimated t rans-  
The pressure  dependence of the t r a n s i t i o n  t e m -  
pera ture  was obtained a s  follows: i n  Table 13, for  the 
Mg-0, and Mg'-C02 systems it is  noted t h a t  t r a n s i t i o n  
temperatures a r e  ava i lab le  a t  two pressures .  For purposes 
of t he  f igures ,  it was assumed simply tha t  the t r ans i -  
t i o n  temperature i s  a l i n e a r  funct ion of ox id izer  pres- 
su re ,  and ex t rapola t ion  o r  i n t e rpo la t ion  yielded the 
t r a n s i t i o n  temperatures f o r  the two systems a t  the t o t a l  
p ressures  of i n t e r e s t ,  300 t o r r ,  and 1, 2, and 5 atm, 
Also shown i n  Fig. 3 1  through 34 a r e  comparable 
i g n i t i o n  temperature r e s u l t s  from the l i t e r a t u r e ,  
seen t h a t  the bulk r e s u l t s  of F a s s e l l e t  a l ,  (201) f o r  the  
Mg-O2 system a r e  i n  exce l len t  agreement w i t h  the present  
r e s u l t s .  
(214) i n  Fig. 32 do not  agree with the  bulk r e s u l t s  of the 
present  inves t iga t ion ,  as expected fo r  reasons discussed 
i n  Chapter I V ,  
( 2 1 1 ,  212)  f o r  the Mg-C02 system i s  i n  disagreement w i t h  
the  present  r e s u l t s ,  b u t  t h i s  discrepancy i s  most l i k e l y  
a r e s u l t  of d i f f e r i n g  methods of ca lcu la t ion  of the value 
of S/V fo r  the molten samples (recall t h a t  i n  C02 l a rge  
Mg samples i g n i t e  above the metal melting p o i n t ) .  
It is  
The quiescent  p i l e  r e s u l t s  of Freeman and Campbell 
F ina l ly ,  the bulk r e s u l t  of Darras e t  a l .  
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Some of the expected size trends are seen in 
the figures, For the larger samples (smaller S/V), the 
ignition temperature is relatively independent of size; 
this is the S/V range where the critical temperature is 
relatively independent of size, As the sample size is 
decreased tincreasing S/V) 8 the ignition temperature de- 
creases (as the critical temperature decreases) # and for 
the smallest samples the ignition temperature is approxi- 
mately equal to the appropriate estimated transition 
temperature, 
and 341, however, it is seen that a large discrepancy 
exists between the C02 ignition temperatures and the 
estimated C02 transition temperature: the former, in 
fact, is some 100°C below the latter. If the ignition 
model is correct, then the estimated transition tempera- 
ture for the Mg-C02 system is incorrect. 
to note that this hypothesis is consistent with the obser- 
vations of McIntosh and Bagley (50) and of Salesse (51), 
both of whom indicated that the product film formed in 
the Mg-C02 reaction becomes non-protective at about 
45OoC (See Section 1 of Appendix I). Their remarks are 
contrasted with the results of Darras et al. (428 45), 
which indicate a ,higher transition temperature and from 
which the Mg-C02 transition temperature was estimated. 
According to the ignition model, experiments 
with Mg samples with larger surface to volume ratios than 
the 0,127 mm foil should give ignition temperatures in- 
dependent of sample size, because for the 0.127 mm foils 
(S/V equal to about 15 mm-’) the transition temperature 
has become controlling in ignition. To this end it was 
attempted to find a source for Mg foil thinner than the 
0.127 mm foil, 
At the higher pressures (2 and 5 atm, Fig.. 33 
It is interesting 
It w a s  learned i n  t h i s  process t h a t  f o r  purely mechan- 
ical  reasons,  Mg cannot be r o l l e d  t o  thicknesses  less than 
0.1 mm. Alloys Unlimited, Inc., of Melvil le,  New York, 
attempted t o  r o l l  Mg f o i l  t o  the required thickness  and found 
it v i r t u a l l y  impossible because of la teral  t e a r i n g  i n  the  
samples (267). Thus the p o s s i b i l i t y  of inves t iga t ing  the 
i g n i t i o n  of  bulk samples with sur face  area t o  volume r a t i o s  
l a r g e r  than 15 mm’l w a s  discarded. 
present  r e s u l t s  ( that  i s ,  Fig,  32) ,  t he  c r i t i ca l  temperatures 
of samples of t h i s  thickness  may be only s l i g h t l y  above 
room temperature: thus such samples may be pyrophoric. 
no t  attempted because the  l i t e r a tu re  r e s u l t s  discussed i n  
Appendix I1 and t h e  r e s u l t  of Freeman and Campbell (214) 
shown i n  Fig. 32 demonstrate t h a t  t h e  r e s u l t s  of such exper- 
iments are no t  comparable with those of experiments with s i n g l e  
p ieces  o f  Mg, 
Vapor p l a t i n g  Mg samples fo r  experimentation w a s  not  
attempted because pe r  p l a t i n g  process a f i l m  of  thickness on 
the order  of only 1 can be deposited (268). Films of th i s  
thickness would oxidize s u b s t a n t i a l l y  during t h e  pre- igni t ion 
reac t ions ,  and the  labor  involved i n  making th i ck  f i l m s  of 
Mg by vapor deposi t ion precluded the  use  of t h i s  process.  
It is  a l s o  i n t e r e s t i n g  t o  note t h a t  according t o  the  
Experimentation w i t h  quiescent  p i l e s  of Mg powder w a s  
Thus, unfortunately,  although the Mg i g n i t i o n  tempera- 
t u r e  r e s u l t s  are cons i s t en t  with the i g n i t i o n  c r i t e r i o n  as 
far  as they go, it appears impossible tokes t  the c r i t e r i o n  
fu r the r  by inves t iga t ing  the i g n i t i o n  of smaller sample 
s i z e s ,  Perhaps the l i t e r a t u r e  v e r i f i c a t i o n  indicated i n  
Table 25 f o r  t he  Mg-02 and Mg-C02 systems w i t h  s m a l l  Mg 
samples i s  s u f f i c i e n t  t o  demonstrate t he  v a l i d i t y  of t he  hy- 
pothes is  t h a t  t h e  minimum poss ib le  i g n i t i o n  temperature is  
the  appropriate  t r a n s i t i o n  temperature. 
(3) 
Resul ts  demonstrating the  inf luence of i n i t i a l  
The E f f e c t  of Applied Heating R a t e  
hea t ing  rate on i g n i t i o n  temperatures fo r  t he  four  s i z e s  
of Mg samples a r e  shown i n  Tables 37 through 40. 
experiments w e r e  conducted i n  the  var ious gas combinations 
only a t  t o t a l  pressures  of 300 t o r r  and 2 atm. 
the  three  l a r g e s t  sample s i z e s  the  e f f e c t  of hea t ing  rate 
on i g n i t i o n  temperature i s  very s l i g h t ,  although s o m e  in- 
crease i n  i g n i t i o n  temperature with increas ing  heat ing 
rate i s  apparent. A s  w a s  developed i n  the  introductory 
sec t ion  of t h i s  chapter ,  such a t rend may ind ica t e  t h a t  
the  c r i t i ca l  temperature con t ro l s  i n  i g n i t i o n  f o r  these 
p a r t i c u l a r  sample s i z e s ,  and t h i s  conclusion w a s  a l s o  
reached on the  basis of v a r i a t i o n  of i g n i t i o n  temperature 
with sample S/V. One a l s o  concludes t h a t  the  i g n i t i o n  
temperature fo r  these sample s i z e s  i s  r e l a t i v e l y  inde- 
pendent of oxide thickness.  
a reasonably well-defined t rend is  evident: the  i g n i t i o n  
temperature decreases with increasing hea t ing  r a t e .  The 
appearance of t h i s  dependence f o r  the  smal les t  samples 
may suggest t h a t  the  i g n i t i o n  of these samples i s  con- 
t r o l l e d  by the  t r a n s i t i o n  temperature r a the r  than by the 
c r i t i c a l  temperature, as a l s o  indicated by the  Tign versus 
S/V graphs. 
i g n i t i o n  temperature r e s u l t s  f o r  the  smallest samples, 
the  0.127 mm f o i l s .  One notes from Fig. 30 through 34 
t h a t  these i g n i t i o n  temperatures are r e l a t i v e l y  indepen- 
dent  of gas composition and are pr imar i ly  a funct ion of 
t o t a l  gas pressure.  A s  a l ready noted, t h i s  independence 
on the  oxid izer  present  i n  the  atmosphere may r e s u l t  from 
the  importance of h e a t  l o s ses  t o  the  atmosphere i n  the  
i g n i t i o n  of small samples, as demonstrated by Eqn. ( V I I - 1 2 ) .  
This independence could a l s o  r e s u l t  from magnet ic  e f f e c t s  
pecu l i a r  t o  the induct ion furnace, however,as discussed below. 
These 
It is  seen f r o m  Tables 37 throug'h 39 t h a t  f o r  
For the  smallest samples (Table 40), however, 
However, t he re  i s  another i n t e r p r e t a t i o n  of the  
TABLE 37. 
EFFECT OF HEATING U T E  ON IGNITION TEMPERATURE: 
Mg CYLINDERS, M G I I ,  MGIV, AND MGV (AVERAGE S / V  = 0,202 m - l )  
G a s  
O2 
50% 02- 
50% A r  
c02 
50% C 0 2 -  
50% A r  
50% 0 - 
50% c8, 
T o t a l  
Pressure 
300 torr 
2 a t m  
300 to r r  
2 a t m  
300 t o r r  
2 a t m  
300 torr 
2 a t m  
300 t o r r  
2 a t m  
T i m e  A v e r a g e  Ig i t ia l  
H e a t i n g  R a t e ,  C / m i n  
10 
77 
87 
198 
24 
7 4  
84 
197 
27 
89 
93 
-97 
120 
22 
94 
95 
147 
28 
6 1  
r3 90 
105 
32 
nl90 
92 
174 
25 
82 
112 
159 
43 
N 90 
133 
14 1 
36 
7 9  
91  
100 
143 
18 
7 9  
7 9  
96 
64 6 
64 5 
647 
64 6 
64 3 
64 7 
645 
648 
648 
647 
64  9 
642 
647 
647 
648 
645 
645 
799 
863 
825 
787 
880 
879 
881 
896 
769 
759 
776 
817 
833 
874 
85 2 
837 
Igni t ion 0 T e m p e r a t u r e  C 
622 
7 00 
658 
655 
672 
7 30 
789  
780 
7 95 
106 801 
Gas 
O2 
50% O2 
50% Ar 
c02 
50% CQ2- 
50% Ar 
50% 0 - 
50% d2 
TABLE .38. 
EFFECT OF HEATING RATE ON IGNITION TENPERATURE: 
Mg WAFERS, MGVI (AVERAGE S/V = 0.772 mm") 
Ignition Total Time Average Isit i a l  0 Pre s sur e Heating Rate, C/min Temperature, C 
300 torr 
2 atm 
300 torr 
2 atm 
300 torr 
2 atm 
300 torr 
I 
2 atm 
300 torr 
2 atm 
22 
40 
7 1  
111 
6 
59 
63 
91 
62 
66 
119 
12 
52 
69 
121 
11 
34 
50 
87 
18 
39 
64 
152 
17 
51  
79 
133 
11 
76 
81 
14 1 
1 7  
47 
47 
186 
2 1  
48 
56 
120 
606 
64 1 
64 5 
630 
661 
685 
627 
636 
6 15 
645 
64 1 
630 
626 
626 
64 0 
7 64 
7 98 
747 
8 16 
798 
6 07 
6 13 
829 
745 
' 751 
748 
810 
637 
6 05 
825 
781 
64 7 
642 
637 
697 
728 
62 1 
621 
752 
Gas 
O2 
50% 02- 
50% Ar 
c02 
50% C02- 
50% Ar 
50% 0 - 
50% C8, 
TABLE 39. 
EFFECT OF HEATING BATE ON IGNITION TEMPERATURE* 
0.254 mm Mg FOILS, MGVII (AVERAGE S/V = 7.75 mmi) 
Total 
Pressure 
300 torr 
2 atm 
300 torr 
2 atm 
300 torr 
2 atm 
300 torr 
2 atm 
300 torr 
2 atm 
Time Average Initial 
Heating Rage, C/min 0 
5 
38 
56 
169 
5 
42  
54 
160 
7 
5 4  
7 0  
1 86 
15 
36 
48 
162 
14 
34 
55 
110 
13 
47 
49  
96 
16 
66 
7 5  
113 
9 
55 
65 
142 
7 
48 
60  
193 
15 
55 
66 
130 
Ignition 
56 1 
57 3 
568 
549 
540 
5 17 
462 
537 
560 
558 
586 
5 13 
542 
551 
5 16 
557 
7 25 
574 
693 
7 10 
776 
665 
569 
698 
607 
635 
667 
645 
709 
7 12 
733 
602 
560 
586 
587 
532 
537 
440 
55 9 
5 18 
0 Temperature, C 
TABLe 40. 
EFFECT OF HEATING RAm ON IGNITION TEMPERATURE_:1 
0.127 rn Mg FOILS, M G I I I  (AVERAGE S/V = 14.98 mm ) 
Gas 
O2 
50% 02- 
50% A r  
c02 
50% C02- 
50% Ar 
50% 0 - 
50% d2 
T o t a l  
P r e s  sure 
300 torr 
2 a t m  
300 torr 
2 a t m  
300 torr 
2 a t m  
300 torr 
, 
2 a t m  
300 torr 
2 a t m  
Igni t ion 
0 
Time A v e r a g e  In i t ia l  
H e a t i n g  R a t e ,  C/min T e m p e r a t u r e ,  C 0 
7 
37 
4 8  
98 
10 
35 
68 
138 
8 
35 
41 
193 
10 
29 
36 
129 
6 
29 
34 
35 
136 
8 
27 
46 
106 
5 
28 
30 
6 1  
195 
15 
3 1  
43 
44 
125 
17 
26 
4 0  
2 16 
12 
29 
39 
154 
449 
469 
490 
425 
444 
386 
399 
429 
465 
466 
469 
380 
420 
403 
4 05 
380 
500 
47 0 
48 1 
483 
452 
67 1 
413 
463 
376 
5 19 
444 
453 
47 1 
454 
422 
433 
499 
4 06 
395 
45 1 
4 14 
457 
430 
534 
4 12 
412 
362 
Suppose t h a t  because of  the  RF sk in  e f f e c t  
through which maximum heat ing occurs a t  the  ou te r  edge of 
the  sample,ignit ion a c t u a l l y  occurs i n  t h i s  region, and 
consequently the  i g n i t i o n  temperatures as  ind ica ted  by 
the  thermocouple located i n  the  cen te r  of the  sample are 
low. I f  t h i s  w e r e  t he  case, then the  i g n i t i o n  temperatures 
would be expected to  decrease with increasing heat ing rate, 
because as the  hea t ing  rate i s  increased, the  discrepancy 
between the  cen te r l ine  temperature (given by the  thermo- 
couple) and the  temperature a t  the  ou te r  edge of the  
sample w i l l  increase.  This i s  exac t ly  the  t rend observed 
with the  smal les t  samples. R e c a l l ,  however, t h a t  igni-  
t i o n  i s  defined t o  occur upon flame spreading t o  the  
thermocouple; thus,  the discrepancy between the  i g n i t i o n  
temperatures a t  the  cen te r  and edge should be s l i g h t .  
Another effect  could account f o r  some d iscre-  
pancy: experiments w e r e  performed i n  pure A r  with these 
smallest samples. 
below the  m e t a l  melting p o i n t  glows w e r e  observed near 
the  ou te r  edge of the  sample, These glows w e r e  not  s e l f -  
sus ta in ing  and w e r e  not  a r e s u l t  of chemical reac t ion ;  
r a the r ,  they ind ica ted  l o c a l  h o t  spots  w h e r e  non-uniform 
hea t ing  was occurr ing i n  the  magnetic f i e l d .  Apparently 
the  M g  had begun t o  m e l t  a t  the  ou te r  edge and sur face  
tension had drawn the  Mg i n t o  drops near t o  the  previous 
pos i t i on  of the  ou te r  edge. 
A t  temperatures about 100 t o  15OoC 
S i m i l a r  experiments w e r e  performed with s m a l l  
samples of  A 1  i n  A r ,  a s  w i l l  be discussed i n  Section 3 
of t h i s  chapter,  and glows w e r e  a l s o  observed with t h i s  
m e t a l  a t  comparable temperatures below the  m e t a l  melting 
point .  Upon termination of the experiments with the  
smallest A 1  samples, most of the A1 w a s  observed t o  have 
formed a r i n g  of m e t a l  surrounding the  pos i t i on  of the  
thermocouple and roughly of t h e  o r i g i n a l  radius  of t he  
sample: within t h e  r i n g  w a s  a t h i n  l aye r  of m e t a l .  
S i m i l a r  experiments could no t  be performed with C a  i n  
A r ,  because of g l o w  discharges and a r c s  r e s u l t i n g  from 
the  high vapor pressure of t h i s  m e t a l .  
metallic sample by the  magnetic f i e l d  flow i n  a d i r e c t i o n  
opposite t o  the  cu r ren t  wi th in  t h e  work c o i l  (266), t he re  
w i l l  be a j x B force a c t i n g  on the  m e t a l  which w i l l  
po in t  r a d i a l l y  inward i n  t h e  present  c y l i n d r i c a l  geometry. 
This force w i l l  oppose any tendency of t h e  melting m e t a l  
t o  draw i n t o  a hollow ring. Nevertheless, f o r  t h e  small- 
est samples ( f o r  which the  smal les t  magnetic f i e l d  and 
thus smal les t  induced cu r ren t  w i l l  be required t o  h e a t  t h e  
sample t o  i ts  melting p o i n t ) ,  the  effect  of sur face  ten- 
s ion becomes r e l a t i v e l y  s t ronger  than the opposing -J x B 
force,  and upon melting, the  samples tend to  f o r m  an 
annulus i n  t h e i r  c ruc ib les .  
Because the  eddy cu r ren t s  induced i n  t h e  
3 - P  
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Such behavior would of course not  allow a thermo- 
couple mounted i n  the  cen te r  of the c ruc ib l e  to  g ive  an 
accurate  value of i g n i t i o n  temperature, and because the  
magnetic f i e l d ,  eddy cu r ren t s ,  and sur face  tension phenomena 
are independent of  the oxidizing gas,  ind ica ted  i g n i t i o n  
temperatures w i d 1  a l s o  be independent of oxidizer .  
This magnetic f ie ld-surface tension in t e r -  
ac t ion  and t h e  meaning of the measured i g n i t i o n  tempera- 
t u r e s  can be in t e rp re t ed  more c l e a r l y  i n  view of t h e  igni-  
t i o n  temperatures measured i n  the c r i t i ca l  temperature 
experiments, which w e r e  performed with the  susceptor and 
w h i c h  w i l l  be discussed i n  Section 2.b of t h i s  chapter. 
It i s  seen, however, t ha t  the i g n i t i o n  temperature r e s u l t s  
in C02 must be regarded with caution, 
It is  noted tha t  the f l a sh ing  and temperature 
drop behavior observed with the  0.254 mm samples i n  C02- 
containing atmospheres may be a r e s u l t  of exac t ly  the  s a m e  
i n t e rac t ion .  Such phenomena w e r e  no t  observed i n  0 at-  
mospheres because i g n i t i o n  occurs upon the  f i r s t  melting 
of t he  sample a t  the  o u t e r  edge. 
with Mg samples th inner  than the  0,127 mm f o i l s  becomes 
even more clear a t  t h i s  point .  I f  i g n i t i o n  temperatures 
of the same magnitude as those f o r  the  0,127 mm f o i l s  
a r e  observed, then the  f i r s t  explanation of  the  decrease 
i n  i g n i t i o n  temperature with increasing applied heat ing 
r a t e  ( t h a t  the  t r a n s i t i o n  temperature has become con- 
t r o l l i n g  i n  ign i t i on )  i s  appropriate;  i f  the  measured 
i g n i t i o n  temperatures are below the  i g n i t i o n  temperatures 
f o r  the  0.127 mm f o i l s  (and thus b e l o w  &!e estimated 
t r a n s i t i o n  temperatures) , then the  l a t t e r  explanation based 
on the  i n t e r a c t i o n  between the  J x B force and the  sur- 
face tension ac t ing  on the  molten p a r t  of  the samples is  
cor rec t .  Unfortunately, as was discussed previously,  such 
f o i l  i s  no t  ava i l ab le  commercially and cannot be r o l l e d  
by conventional processes,  
2 
The d e s i r a b i l i t y  of performing experiments 
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To summarize, f o r  the  M g  cy l inders ,  wafers, and 
0.254 mm f o i l s  any dependence of i g n i t i o n  temperature on 
applied hea t ing  rate i s  s l i g h t ,  b u t  a s m a l l  increase i n  
i g n i t i o n  temperature with increasing heat ing rate may in- 
d i c a t e  t h a t  the  c r i t i ca l  temperature con t ro l s  i n  the  igni-  
t i o n  of samples i n  t h i s  S/V range, 
the opposite t rend  w a s  observed: the  i g n i t i o n  temperature 
decreases with increasing hea t ing  r a t e .  Such a dependence 
may ind ica t e  e i t h e r  t h a t  the  t r a n s i t i o n  temperature con t ro l s  
i n  the  i g n i t i o n  of these samples o r  t h a t  the  measured igni-  
t i o n  temperatures are low because of a thermal l a g  between 
the  temperature i n  the  zone of maximum heat ing and t h a t  
For the  0,127 mm f o i l s ,  
indicated by the  thermocouple. 
r a t i o  of depth of pene t ra t ion  of heat ing ( the  sk in  e f f e c t )  
t o  sample thickness  on the  order  of one, magnetic f i e l d -  
surface tension i n t e r a c t i o n s  may be important, and thus 
i g n i t i o n  temperatures measured f o r  these smallest samples 
must be in t e rp re t ed  with care. 
For these l a t t e r  samples, character ized by a 
On the basis of the  experiments determining 
i g n i t i o n  temperature as a function of hea t ing  rate, it 
i s  concluded t h a t  the  i g n i t i o n  temperatures f o r  the  three 
largest  Mg sample s i z e s  a re  va l id ,  b u t  f o r  the  0.127 mm 
f o i l s  may be somewhat low. 
temperature experiments performed with the  Mg samples 
are described. A s  mentioned above, because the  susceptor 
used i n  these experiments t o  provide a constant  tempera- 
t u r e  environment f o r  the sample e f f e c t i v e l y  s h i e l d s  the  
sample from the  magnetic f i e l d  of the  work c o i l ,  and thus 
e l imina tes  the  problem of magnetic i n t e r a c t i o n s  and the  
RF sk in  e f f e c t ,  some f u r t h e r  l i g h t  can be shed on the  
i n t e r p r e t a t i o n  of the  r e s u l t s  of the  i g n i t i o n  temperature 
experiments. 
b. C r i t i c a l  Temperature Experiments 
In  the  next  s ec t ion  the  r e s u l t s  of the  c r i t i c a l  
As noted previously,  because of the  dura t ion  
and d i f f i c u l t y  of the  c r i t i ca l  temperature experiments, 
t he  range of v a r i a t i o n  of the  experimental parameters 
w a s  c u r t a i l e d  as compared to  the  i g n i t i o n  temperature ex- 
periments. I n  p a r t i c u l a r ,  the  i n i t i a l  sample hea t ing  rate 
was standardized t o  about 50 OC/min, only pure O2 and pure 
C02 w e r e  used as oxid izers ,  and only a t  p ressures  of 300 
t o r r  and 2 atm, and, f i n a l l y ,  experiments w e r e  conducted 
only w i t h  the  l a r g e  M g  cy l inders  (MGIV and MGV) and the  
two Mg f o i l s  ( M G I I I  and M G V I I ) .  
i n  both types of c r i t i ca l  temperature experiments d i s -  
cussed a t  the  beginning of t h i s  chapter  are shown i n  
Fig, 35 and 36. I n  Fig. 35 the  type I1 cr i t ica l  tempera- 
Examples of experimental traces a s  obtained 
t u r e  experiment with i n i t i a l  hea t ing  and e q u i l i b r a t i o n  
i n  oxid izer  i s  demonstrated, fo r  the  p a r t i c u l a r  case of 
a large M g  c y l i n d r i c a l  sample i n  300 torr  of O2 with 
average i n i t i a l  hea t ing  r a t e  equal t o  33°C/min. 
Both the sample and susceptor thermocouple 
readings are presented i n  the  f igu re  ( the  hollow susceptor 
which surrounds the  sample i s  held a t  constant  tempera- 
t u r e  automatically a f t e r  e q u i l i b r a t i o n ) .  R e c a l l  t h a t  
chromel-alumel thermocouples w e r e  used t o  measure the  
sample temperature, and Pt/Ptl3Rh thermocouples t o  
measure the  susceptor  temperature, A l s o ,  because d i f -  
f e r e n t  recorder scales w e r e  used f o r  these  two tempera- 
t u re s ,  t h e  r e l a t i v e  values of temperature shown i n  Fig. 
35 and 36 have no meaning. 
Approximately 10 min i n t o  the  experiment the  
0 susceptor reached equilibrium a t  i t s  set p o i n t  of 740 C. 
Some t i m e  l a t e r ,  t h e  sample temperature leveled o f f :  t i m e  
zero i s  indicated i n  the  f igu re ,  a t  which the  i n i t i a l  
sample temperature w a s  602 C. 0 
In  Fig. 35, sample self-heat ing a f t e r  t i m e  zero 
i s  observed c l e a r l y  a s  t he  sample temperature runaway. 
A1thoug.h d i f f i c u l t  t o  see i n  the f igure ,  the  sample t e m -  
pera ture  rose abrupt ly  (and a flame appeared) 4.3 min 
la te r  a t  a sample temperature of 639 C. 
w a s  turned o f f  and the  Mg-02  f i r e  w a s  extinguished by 
means of  a high pressure  A r  purge. 
w a s  consumed i n  the  f i r e ,  as a d e f i n i t e  metal f reez ing  
0 
Immediately a f t e r  t h i s  i g n i t i o n ,  the  furnace 
Not a l l  of the  m e t a l  
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po in t  was observed a t  651 OC ( t o  be compared with the 
l i t e r a t u r e  value of 650 OC)), 
t h a t  the c r i t i ca l  temperature w a s  less than 602 c ,  
t he  i n i t i a l  sample temperature i n  t h i s  experiment, 
Under these tes t  condi t ions it w a s  concluded 
0 
I n  experiments of t h i s  type ( t h a t  is ,  with 
i n i t i a l  heat ing and e q u i l i b r a t i o n  i n  the  oxid izer  of 
i n t e r e s t )  , below the  appropriate  c r i t i ca l  temperature 
no i g n i t i o n  w a s  observed within the  one hour l i m i t  ( a f t e r  
equ i l ib ra t ion )  of the  experiment, althougb i n  general  
sample self-heat ing occurred. 
by eye while i n  the  process of  the p a r t i c u l a r  experiment 
i s  extremely a rb i t r a ry .  I n  f a c t ,  i n  F i g ,  35 t h e  choice 
was premature, and probably t i m e  zero should have been 
taken some 2 o r  3 min l a t e r  when the  sample thermocouple 
w a s  a t  0.5 on the  scale i n  the  f igure ,  A s  a r u l e ,  how- 
ever ,  estimated i n i t i a l  sample temperatures and measured 
i g n i t i o n  delay times w e r e  roughly self-consis tent :  t he  
lower the  i n i t i a l  temperature, the  longer the  i g n i t i o n  
delay. 
I n  general ,  very few i g n i t i o n  delay t i m e s  be- 
tween 15 and 60 min w e r e  found, which may ind ica t e  t h a t  
the est imat ion o f ,  sample equilibrium w a s  conservative. 
It i s  f e l t  t h a t  the  60 min cut-of€ on the experiments 
served to  def ine the lower l i m i t i n g  c r i t i ca l  temperature 
q u i t e  concretely ( the  upper l i m i t  w a s ,  of course, the 
i g n i t i o n  temperature),  b u t  l i t t l e  confidence i s  placed 
The method of def in ing  t i m e  zero e s s e n t i a l l y  
5 
'Some thought was given t o  using the temperature d i f f e r -  
e n t i a t i n g  c i r c u i t  t o  def ine t i m e  zero i n  t e r m s  of a minimum 
rate of change of sample temperature, However, as noted 
previously,  t he  construct ion of t h i s  apparatus was no t  com- 
p l e t e  u n t i l  a f t e r  the  Mg inves t iga t ion  w a s  f inished.  
i n  the absolute  value of i g n i t i o n  delay t i m e  f o r  a s p e c i f i c  
i n i t i a l  sample temperature, 
c r i t i c a l  temperature experiment (with i n i t i a l  hea t ing  and 
equ i l ib ra t ion  i n  A r ,  removal of the i n e r t ,  and admission 
of the appropriate  oxidizer)  i s  shown i n  Fig, 3 6 .  Recall  
t h a t  because of the low pressure  a rc ing  problem, the 
furnace had t o  be turned o f f  during the chamber evacuation 
and ref i l l .  I n  the  f igure ,  again the sample and susceptor 
temperatures a r e  recorded, f o r  the p a r t i c u l a r  case of a 
0.127 mm Mg f o i l  i n  300 t o r r  of C02. 
and equ i l ib ra t ion  i n  A r  a t  t h a t  p ressure  appropriate  t o  
the second p a r t  of the experiment, conducted i n  the oxidizer ,  
so t h a t  the two equi l ibr ium temperatures would be as  c lose 
a s  possible ,  This was found impossible f o r  pressures  of 
300 t o r r ,  however, because a t  the furnace power l e v e l s  
and work coi l -susceptor  spacing necessary t o  hea t  the sus- 
ceptor  a t  the des i red  r a t e ,  i n  300 t o r r  of A r  a rc ing  in- 
var iab ly  occurred. Thus i f  the  oxid izer  pressure i n  the 
second p a r t  of the experiment was t o  be 300 t o r r ,  i n i t i a l  
hea t ing  was accomplished i n  A r  a t  1 atm, For experiments 
involving an oxid izer  pressure  of 2 atm, 2 atm of  A r  were 
used i n i t i a l l y .  
with the oxidizer ,  the t e s t  chamber could have been flushed 
with the  oxid iz ing  gas a f t e r  a t ta inment  of the i n i t i a l  
equilibrium, so t h a t  the furnace could have been l e f t  on 
during the gas changeover and thus i d e a l l y  the  equi l ibr ium 
maintained. However, i n  v i e w  of the s t rong dependence of 
i gn i t i on  temperature on oxid izer  p a r t i a l  pressure,  a s  
demonstrated i n  the  previous sect ion,  t h i s  method was re- 
jected because it was f e l t  t h a t  the  unknown oxid izer  
An experimental t r ace  from the o ther  type of 
It was des i red  t o  accomplish the i n i t i a l  hea t ing  
Rather than evacuation of the A r  and r e f i l l i n g  
p a r t i a l  pressure during the f lush ing  process (and ac tua l ly  
throughout t h e  remainder of t h e  experiment) would increase 
the  i r r e p r o d u c i b i l i t y  of the  r e s u l t s .  
used i n  the  present  experiments must r e s u l t  from compari- 
son with experiments conducted i n  r e s i s t ance  furnaces, i n  
which equi l ibr ium can be maintained during evacuation and 
r e f i l l .  Such comparison w i l l  be made shor t ly .  
changeover process the  sample temperature dropped 65 C. 
Throughout t he  experiments t h e  temperature drop w a s  typi-  
c a l l y  on the  order  of 100 t o  150 OC. 
case shown i n  the  f igure ,  t he  second equilibrium tempera- 
t u r e  was equal to  the  f i r s t ,  b u t  t h i s  was t h e  exception 
r a t h e r  than the  ru le :  general ly ,  t he  d i f f e r i n g  h e a t  t rans-  
The only j u s t i f i c a t i o n  of t he  method which w a s  
It i s  seen from Fig. 36 t h a t  during the  gas 
0 
I n  the  p a r t i c u l a r  
f e r  c o e f f i c i e n t s  of t he  A r  and oxid izer  (and the  pressure 
d i f fe rence  i n  runs with oxid izer  pressure equal t o  300 
t o r r )  w a s  s u f f i c i e n t  t o  guarantee t h a t  these temperatures 
be d i f f e r e n t .  
Sample self-heat ing i s  no t  a s  not iceable  i n  F i g .  
36 a s  i n  Fig. 35, and i n  general  w a s  no t  a s  not iceable  i n  
CO as i n  02. Furthermore, t he  sample temperature in- 
crease observed upon the i n i t i a l  admission of ox id i ze r  
was less i n  C02 , than i n  02; i n  t h e  l a t t e r  gas  it w a s  typi-  
c a l l y  10 o r  15 C and depended on the  sample s i z e  and t e m -  
perature .  I n  Fig. 36 t h i s  temperature increase i s  obscured 
by zero checks and the  slow recorder c h a r t  speed. 
a given se t  of experimental condi t ions (sample s i z e ,  ox id izer  
and oxid izer  pressure,  and i n i t i a l  hea t ing  i n  the  oxid izer  
o r  i n  A r ) ,  a series of  experiments w a s  performed under these  
experimental condi t ions i n  which the susceptor se t  po in t  
temperature w a s  var ied  i n  order  t o  vary the  i n i t i a l  sample 
temperature. The r e s u l t s  of such a series are presented 
i n  Table 41. 
2 
0 
I n  general ,  t o  def ine  a c r i t i c a l  temperature under 
h 
TYPICAL DATA FROM A SERIES OF CRITICAL TEMPERATURE EXPERIMENTS 
( M G V I I ,  0.254 mmMg f o i l  i n  pure O2 a t  300 t o r r )  
Run 
Number 
1 
2 
4 
3 
6 
7 
10 
9 
8 
11 
I n i t i a l  Equi l ibra t ion  i n  300 t o r r  of 0, 
Susceptor 
Set  Point ,  
C 0 
826 
831 
822 
8 14 
786 
7 94 
7 94 
7 74 
Average I n i t i a l  
Heating Rate 
(S amp le ) , OC /min 
43 
47 
44 
58 
50 
58 
47 
40 
44 
52 
I n i t i a l  
Sample 
Tempera- 
t u re ,  C 0 
--- 
--- 
--- 
6 06 
605 
600 
5 94 
592 
588 
58 1 
L 
Igni t ion  
D e  l ay  
Time , 
min 
--- 
--- 
0 
1.5 
2.7 
4.0 
> 60 
7.8 
W60 
2 6 0  
Ign i t ion  
Tempera- 
t u r e ,  C 0 
646 
6 10 
603 
609 
609 
609 
--- 
6 02 
--- 
--* 
Average Igni t ion  Temperature = 6 13OC 
Estimated C r i t i c a l  Temperature = 593OC 
The f i r s t  two experiments w e r e  conducted with 
the  susceptor temperature increas ing  i n d e f i n i t e l y ,  simply 
t o  measure the  i g n i t i o n  temperature of the  sample with 
the  susceptor present .  The remainder of the  experiments 
w e r e  performed with the constant  temperature environment 
f o r  the  sample provided by the  susceptor. For those ex- 
periments beginning a t  i n i t i a l  sample temperatures below 
t he  c r i t i ca l  temperature ( t h a t  is ,  experiments without 
i g n i t i o n  within the  60 min t i m e  l i m i t ) ,  the  change i n  
sample temperature i n  t h e  hour is recorded i n  the  column 
a t  the  r i g h t  hand s i d e  of the  table. 
Several  po in t s  are evident  from the  table: 
f i r s t l y ,  note the  l a r g e  range of observed i g n i t i o n  t e m -  
peratures:  t h i s  range made experimentation extremely 
d i f f i c u l t ,  because of unexpected i g n i t i o n s  a t  unusually 
low temperatures, as i n  runs nunber 4 and 9. Secondly, 
note t h a t  t he re  i s  l i t t l e  correspondence between sus- 
ceptor  set  po in t s  and i n i t i a l  sample temperatures: thus 
it was d i f f i c u l t  t o  p r e d i c t  the  i n i t i a l  sample tempera- 
t u r e  f o r  a given susceptor temperature, and t h i s  problem 
placed the  experiments i n  a hit-or-miss category. 
l y ,  although i n  the series presented i n  the table the  
agreement between the  i g n i t i o n  delay t i m e s  and the  i n i t i a l  
sample temperatures i s  good, as noted previously most of 
the  da t a  w e r e  no t  as prec ise .  
mated from tables such a s  Table 4 1  are considered t o  be 
defined wi th in  1.5 - C. 
var ious experimental condi t ions are presented i n  Table 
42. Shown a r e  the  estimated c r i t i c a l  temperatures and 
averag’e i g n i t i o n  temperatures as determined under each 
set of condi t ions i n  c r i t i ca l  temperature experiments. 
Also, i n  the  table are l i s t e d  the  average i g n i t i o n  t e m -  
pera tures  a s  determined i n  the  i g n i t i o n  temperature ex- 
periments ( t h a t  i s ,  without t h e  susceptor) discussed i n  
the  preceding sect ion.  
Final- 
For these  reasons, c r i t i ca l  temperatures esti- 
0 
The r e s u l t s  of such est imat ions f o r  a l l . o f  the  
I n  Table 4 3  are given the  important experi- 
mental parameters, averaged over the  c r i t i c a l  tempera- 
t u r e  experiments f o r  a p a r t i c u l a r  sample s i ze .  As before,  
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TABLE 43. 
EXPERIMENTAL PARAMETERS FOR THE MAGNESIUM 
CRITICAL TEMPERATURE EXPERIMENTS 
Aver age- Average I n i t i a l  Sample Thermo- 
couple Error , 
C 
Sample Designation S /V,  mm HeatingoRate , 8 
C /min 
Susceptor 
Deviation 
From Se: 
Point ,  C 
cylinder MGIV, MGV 0.202 36.1 3.6 
0,254 mm M G V I I  7.73 52,2 2.9 
f o i l  
f o i l  
0.127 mm M G I I I  15.06 45.0 8.2 
104 
2.6 
t he  sample thermocouple e r r o r  w a s  estimated from observa- 
t i o n s  of the  ind ica ted  melting and f reez ing  po in t s  of the  
Mg samples. The susceptor devia t ion  from i t s  set p o i n t  w a s  
monitored only from t i m e  zero, as defined above, t o  the  t e r m -  
i na t ion  of the  experiment, e i t h e r  upon i g n i t i o n  of the  sample 
o r  a t  the  end of 60 min. 
Returning t o  the  r e s u l t s  of the  c r i t i c a l  t e m -  
pera ture  experiments l i s t e d  i n  Table 42, comparison can be 
made with the  r e s u l t s  of o the r  i nves t iga to r s  f o r  t h e  Mg-0, 
system (Appendix 1 I ) i n  order  t o  t es t  the  experimental method 
used i n  the  present  inves t iga t ion .  For Mg samples of S/V 
from 0.579 t o  1.23 mm-I i n  O2 o r  a i r  a t  1 atm, the  c r i t i ca l  
temperature w a s  estimated as 575 o r  58OoC on the  basis of the 
r e s u l t s  of Fasseu e t  a1.(201) and Darras e t  a l .  ( 2 1 1 ,  2 1 2 ) .  
This estimate i s  cons i s t en t  with the  r e s u l t s  shown i n  Table 
42 f o r  a l l  of t he  Mg' samples i n  O2 a t  300 torr  and fo r  t he  
Mg cyl inders  i n  O2 a t  2 atm, 
experimental method which was used i n  the  c r i t i c a l  temperature 
experiments i n  the  present  i nves t iga t ion  is val id .  
Thus it is concluded t h a t  the  
Several o the r  s i g n i f i c a n t  observations can be 
made on the  basis of  Table 42. F i r s t l y ,  i n  a l l  cases 
the  measured c r i t i ca l  temperatures are lower than the  
appropriate  average i g n i t i o n  temperatures, i n  agreement 
with the  m e t a l  i g n i t i o n  c r i t e r i o n .  A s  discussed i n  
Chapter 11, the  f a c t  t h a t  the  c r i t i ca l  and i g n i t i o n  t e m -  
pera tures  are not  equal i n d i c a t e s  t h a t  the  experiments 
w e r e  no t  conducted a t  the  i g n i t i o n  l i m i t ,  a t  which the  
qchem and 
g2ven gas and pressure,  as the  sample s i z e  is  decreased 
( increas ing  S/V), both the  c r i t i ca l  and i g n i t i o n  t e m -  
pera tures  decrease; s ince  both of  these  temperatures ex- 
ceed the appropriate  t r a n s i t i o n  temperatures, t he  ob- 
served s i z e  dependence w a s  expected. 
It  is  seen from the  i g n i t i o n  temperatures as 
obtained i n  both types of c r i t i ca l  temperature experi-  
ments t h a t  t he  i g n i t i o n  temperature i s  r e l a t i v e l y  inde- 
pendent of oxide f i lm  thickness ,  a f ind ing  which is con- 
s i s t e n t  with the  r e s u l t  of  varying the  hea t ing  rate i n  
the  i g n i t i o n  temperature experiments, as discussed i n  the  
previous sec t ion ,  However, t he re  appears t o  be a r e l a t ive -  
l y  well-defined t rend  i n  c r i t i ca l  temperature with oxide 
thickness: the c r i t i c a l  temperature decreases w i t h  de- 
creasing oxide f i lm thickness,  as it i s  g.enerally lower 
f o r  those samples heated i n i t i a l l y  i n  A r .  I dea l ly ,  t h i s  
t rend w a s  no t  expected since the  t r a n s i t i o n  temperatures 
have been exc?eded, bu t ,  as  noted i n  Chapter 11, i n  the  
r e a l  case ;Ichem w i l l  depend on the i n i t i a l  oxide thick-  
ness t o  some e x t e n t  even above the  t r a n s i t i o n  temperature. 
. 
curves are tangent. 
Secondly, as predic ted  by the  model, f o r  a 
Both the  c r i t i c a l  and i g n i t i o n  temperatures are 
lower a t  2 a t m  than a t  300 t o r r :  such a correspondence i n  
pressure dependences when the  c r i t i ca l  temperature ex- 
ceeds the  t r a n s i t i o n  temperature w a s  predicted ear l ier  
i n  t h i s  chapter. 
A f i n a l ,  and most s i g n i f i c a n t  r e s u l t  is the  
lack  of correspondence between the  i g n i t i o n  temperatures 
a s  measured i n  the c r i t i ca l  temperature and i g n i t i o n  
temperature experiments. I t  is  seen t h a t  although the  
predicted s ize  dependence is  observed i n  both experi- 
ments, the  s i z e  dependence i s  not  a s  marked i n  the  c r i t i -  
c a l  temperature experiments. 
ments i s  the  presence of the  susceptor,6 which has  the  
following e f f e c t s :  without the  susceptors the  sample 
i s  heated by induction heat ing;  a t  rad io  frequencies the  
majority of the  hea t ing  occurs near the  ou te r  edges of 
t he  sample. This loca l ized  hea t ing  w i l l  tend to  accent- 
ua te  the  conduction h e a t  loss  i n t o  the  m e t a l  sample. 
Since t h i s  h e a t  loss t e r m  i s  thought t o  be responsible 
f o r  the  s i z e  e f f e c t  i n  i g n i t i o n  (see Section 4 of Chapter 
II) ,  a s t rong  s i z e  e f f e c t  i s  expected and w a s  obtained 
i n  the  experiments without the  susceptor,  t h a t  is ,  the  
i g n i t i o n  temperature experiments. 
The only d i f fe rence  between these t w o  experi- 
However, it must be r eca l l ed  t h a t  becau'se the  
sample thermocounles w e r e  mounted near the  center  of the  
sample, and because the  zone of maximum hea t ing  and of 
i g n i t i o n  w e r e  usua l ly  loca ted  on the  ou te r  circumference 
6 A t  the  end of the  Mg i nves t iga t ion ,  t w o  experiments 
w e r e  conducted one after the  o the r  under exac t ly  the  same 
condi t ions,  except t h a t  t he  susceptor w a s  removed &or 
the  second test. The ig.nit ion temperature w a s  188 C 
lower without the  susceptor,  thus subs t an t i a t ing  t h a t  
t he  susceptor was completely responsible f o r  the  change 
i n  i g n i t i o n  temperature. 
of the  sample, i g n i t i o n  temperatures measured i n  the  in- 
duction furnace environment w i l l  be somewhat low.  The 
hea t ing  rate experiments indicated t h a t  t h i s  e f f e c t  may 
be important f o r  only t h e  smallest samples, however, as 
only f o r  these samples d i d  t h e  measured i g n i t i o n  tempera- 
t u r e  decrease with increas ing  hea t ing  rate, 
Idea l ly ,  the  funct ion of t he  susceptor  i s  t o  
couple p r e f e r e n t i a l l y  with the  magnetic f i e l d  of t he  work 
c o i l  and thus t o  s h i e l d  the  sample from the  f i e l d ,  The 
susceptor then h e a t s  the  sample by ordinary conduction, 
convection, and r ad ia t ion  h e a t  t r a n s f e r  and e f f e c t i v e l y  
provides an environment similar to  a resistance furnace 
f o r  the  sample. 
more uniformly, and the  conduction h e a t  loss i n t o  the  
sample becomes much smaller than i n  the  induction furnace 
environment, Therefore, as observed i n  the  former con- 
f igu ra t ion ,  the  s i z e  e f f e c t  i n  i g n i t i o n  is  much less pro- 
nounced. 
In  t h i s  s i t u a t i o n ,  t he  sample i s  heated much 
I n  o the r  words, i n  t he  environment provided 
the  sample by the  susceptor ,  the sample may be assumed 
t o  be completely shielded from the  h e a t  l o s s  environment, 
t h a t  is, 
and therefore  
(VII-13) 
4 (VII-14) 8 codd,f 
However, as expected on the  basis of  the  i g n i t i o n  model 
and as indicated by the  pressure dependence of the igni- 
t i o n  temperature as measured i n  the  i g n i t i o n  temperature 
experiments, f o r  l a rge  samples i n  general  
(VI I - 15 ) 
Thus with the  susceptor ac t ing  as a magnetic 
and as  an environmental h e a t  loss sh ie ld ,  t h e  observed 
i g n i t i o n  (and c r i t i c a l )  temperatures a r e  r e l a t i v e l y  inde- 
pendent of sample s i z e  and remain near t he  bulk i g n i t i o n  
temperature rather than demonstrating the  s t rong s i z e  
e f f e c t .  
As noted above, with the  susceptor t he  metal 
sample i s  heated more uniformly (because there  i s  no 
skin e f f e c t  with the  susceptor) , and thus the  hea t  l o s s  
i n t o  t h e  sample should be of smaller magnitude with the  
susceptor. Consequently, t he  curve w i l l  s h i f t  
downwards a t  any given value of surface temperature, 
and measured i g n i t i o n  temperatures should be l o w e r  with 
the susceptor. A s  can be seen from Table 4 2 ,  t h i s  lower- 
ing  of i g n i t i o n  temperature with the  susceptor was ob- 
served with t h e  l a rge  Mg' cyl inders  i n  300 t o r r  an'd 2 atm 
of C02. 
the  equivalence of i g n i t i o n  temperature and m e t a l  melting 
point.  
These observations have severa l  far-reaching 
implications:  f i r s t l y ,  experiments designed t o  measure 
the s i z e  e f f e c t  i n  m e t a l  i g n i t i o n  ( e i t h e r  c r i t i c a l  o r  
i g n i t i o n  temperatures, provided t h a t  t he  former exceeds 
the  t r a n s i t i o n  temperature) must be conducted i n  a manner 
such t h a t  t he  m e t a l  sample i s  not heated uniformly; 
because of the  rad io  frequency sk in  e f f e c t ,  induction 
The t rend cannot be observed i n  O2 because of 
furnaces are g r e a t l y  superior  t o  r e s i s t ance  furnaces i n  
t h i s  respect.  I n  f a c t ,  under some circumstances, it may 
be impossible t o  measure any s i z e  e f f e c t  i n  r e s i s t ance  
furnaces. Thus f o r  many of the  metal-oxidizer systems 
discussed i n  Appendix= f o r  which the  c r i t i ca l  tempera- 
t u r e  con t ro l s  i n  "bulk" ign i t i on ,  t he  independence of 
i g n i t i o n  temperature on sample s i z e  may have been a re- 
s u l t  of t he  use of a r e s i s t ance  furnace r a t h e r  than of 
t he  c r i t i ca l  temperature becoming independent of s i z e  
(see Chapter 11). 
The r e s u l t s  i nd ica t e  the  s t rong  dependence of 
measured i g n i t i o n  and c r i t i ca l  temperatures on t h e  
experimental environment, a dependence which is  r e f l ec t ed  
i n  t h e  i g n i t i o n  model i n  t h a t  both of these temperatures 
a r e  defined i n  t e r m s  of t he  Gchem and Gloss curves, t he  
l a t t e r  of which depends strong'ly on the  environment. (It 
i s  again assumed t h a t  t h e  c r i t i c a l  temperature exceeds 
the  t r a n s i t i o n  temperature, a s  for the  bulk Mg-O2 system.) 
The fundamental quest ion i s  then r a i sed  a s  t o  the  possi-  
b i l i t y  of ass igning an absolute  i g n i t i o n  temperature f o r  
a given metal-oxidizer system. 
induction furnace f a c i l i t y ,  it i s  concluded t e n t a t i v e l y  
t h a t  t he re  a r e  two absolute  i g n i t i o n  temperatures charac- 
t e r i s t ic  of a given metal-gas system: these a r e  the bulk 
i g n i t i o n  and the  t r a n s i t i o n  temperatures ( i n  cases  which 
the t r a n s i t i o n  temperature exceeds the  c r i t i c a l  tempera- 
t u r e ,  t he  t r a n s i t i o n  temperature and bulk i g n i t i o n  tempera- 
t u r e s  a r e  equal: thus the re  i s  only one absolute  i g n i t i o n  
temperature f o r  t h i s  type of system). The former may be 
considered absolute  f o r  severa l  reasons: f i r s t l y ,  the  
agreement between the  Mg' cy l inder  and wafer i g n i t i o n  t e m -  
pera tures  i n  0 observed i n  the  induction furnace, which 
On the  basis of t he  experiments w i t h  Mg i n  the  
2 
i s  character ized by the  accentuated s i z e  e f f e c t ;  second- 
l y ,  the agreement of t he  present  r e s u l t s  with the  bulk 
r e s u l t s  of o the r  i nves t iga to r s  (but  both of these arguments 
may r e s u l t  from the  correspondence between the  i g n i t i o n  
temperature and the  (absolute) m e t a l  mel t ing  poin t ,  a s  
noted above); and f i n a l l y ,  f o r  o the r  metal-gas systems i n  
category, the  agreement i n  bulk igni-  the Tcrit  ’ Ttrans  
t i o n  temperatures as measured by d i f f e r e n t  i nves t iga to r s  
(Appendix 11). The absolute nature  of the  bulk i g n i t i o n  
temperature w i l l  be examined fu r the r  i n  the  sec t ion  of 
t h i s  chapter  concerned with the  i g n i t i o n  of Ca.  
absolute quant i ty  because, as indicated i n  Chapter 111, 
it i s  r e l a t i v e l y  independent of the  experiment, and fo r  
t r a n s i t i o n s  which are a r e s u l t  of melting of the  oxide 
o r  of a phase change i n  metal o r  oxide it should be com- 
p l e t e l y  independent of experimental configurat ion s ince  
it i s  then a physical  property of the  metal o r  oxide. 
Thus it i s  concluded t h a t  it is  only poss ib l e  
The t r a n s i t i o n  temperature i s  considered an 
to  ass ign  an i g n i t i o n  temperature f o r  Mg i n  O2 between 
650 OC ( f o r  l a rge  samples, t he  bulk i g n i t i o n  temperature) 
and 450 OC ( f o r  s m a l l  samples, the  t r a n s i t i o n  temperature) ; 
a l l  o the r  i g n i t i o n  temperatures measured f o r  t h i s  system 
i n  any experiment should f a l l  between these  values. 
c. Summary 
Several  conclusions can be drawn on the  basis 
of q u a n t i t a t i v e  i g n i t i o n  r e s u l t s  obtained i n  the  induction 
furnace f a c i l i t y  with M g  samples of various s i z e s  i n  02, 
C02, and conbinations of these  gases with each o the r  and 
with A r ,  The more important f indings can be l i s t e d  as 
follows: 
(193) 
That the  minimum poss ib l e  i g n i t i o n  t e m -  
pera ture  i s  the  appropriate  t r a n s i t i o n  
temperature w a s  v e r i f i e d  i n  both the  
i g n i t i o n  temperature and c r i t i ca l  t e m -  
pe ra tu re  experiments. For the  Mg-0 
system i n  the  pressure range from 380 
torr  t o  5 atm, the  lowest observed igni-  
t i o n  temperatures w e r e  commeasurate with 
the  estimated t r a n s i t i o n  temperatures. 
However, f o r  t he  Mg-CO system a t  2 and 
5 atm the  agreement wag not good, b u t  
may be a r e s u l t  of  an inco r rec t  choice 
i n  t r a n s i t i o n  temperature. Experiments 
on the  e f f e c t  of appl ied heat ing r a t e  
indicated t h a t  the  i g n i t i o n  temperatures 
measured f o r  the  smal les t  samples may have 
been somewhat low. 
(2 )  In  the  c r i t i c a l  temperature experiments, 
under a l l  circumstances the  observed ign i -  
t i o n  temperatures exceeded both the  measured 
c r i t i ca l  temperatures and the  estimated 
t r a n s i t i o n  temperatures, i n  complete agree- 
ment with the  metal i g n i t i o n  c r i t e r i o n .  
( 3 )  Comparison of the  i g n i t i o n  temperatures 
measured i n  the  i g n i t i o n  temperature ex- 
periments ( induct ion heating’, without a 
susceptor) and the  c r i t i ca l  temperature 
experiments (environment of a r e s i s t ance  
furnace, with a susceptor) i nd ica t e s  t h a t  
the  s i z e  e f f e c t  i s l e s s e n e d  i n  r e s i s t ence  
furnaces or i n  any o the r  environment i n  
which the  sample i s  heated uniformly 
throughout i t s  volume, 
the  c r i t i c a l  temperature exceeds the  t ran-  
s i t i o n  temperature f o r  bulk samples, the  
only absolute  i g n i t i o n  temperatures of m e r i t  
a r e  those f o r  l a rge  samples ( t h e  bulk ign i -  
t i o n  temperature) and f o r  s m a l l  samples 
( t h e  t r a n s i t i o n  temperature).  Any o the r  
i g n i t i o n  temperatures are funct ions of the  
experimental environment r a t h e r  than the  
chemistry, and are thus no t  comparable 
w i t h  r e s u l t s  obtained i n  d i f f e r i n g  experi-  
mental s i t u a t i o n s .  
(4) Therefore, f o r  metals such a s  Mg’, f o r  which 
Several o the r  conclusions p a r t i c u l a r l y  appro- 
p r i a t e  t o  the  i g n i t i o n  of M g  have been discussed i n  the  
preceding sec t ions ;  
have been l i s t e d  here ,  However, it is  concluded t h a t  t he  
i g n i t i o n  model and c r i t e r i o n  as applied t o  the  i g n i t i o n  
of Mg have been v e r i f i e d  both i n  general and i n  d e t a i l .  
only the  m o s t  s i g n i f i c a n t  r e s u l t s  
In  the  next s ec t ion  of t h i s  chapter,  a pre- 
l iminary inves t iga t ion  of the  i g n i t i o n  of A1 as con- 
ducted i n  the  induction furnace f a c i l i t y  is reported. 
3. Aluminum 
A 1  was chosen f o r  study i n  t h e  induction fur- 
nace f a c i l i t y  pr imar i ly  because of i t s  wide app l i ca t ion  
i n  propulsion systems and because of i t s  i g n i t i o n  and 
combustion ine f f i c i ency  observed i n  such systems. 
as discussed i n  Appendix I I , t h e  i g n i t i o n  of A 1  i s  thought 
t o  be cont ro l led  by i t s  t r a n s i t i o n  temperature, and thus 
i s  i n  c o n t r a s t  t o  t h a t  of Mg, which a s  has been shown i s  
cont ro l led  by the  c r i t i c a l  temperature i n  the  case of 
l a r g e  samples, 
thought t o  equal the  melting p o i n t  of A1203 (see Chapter 
III), which i s  equal t o  203OoC (6). Attainment of t h i s  
temperature i n  a furnace w i l l  of  course present  severa l  
problems, the  m o s t  obvious of which is  materials, 
t h i s  and o the r  reasons t o  be discussed b e l o w ,  i n  the  
present  i nves t iga t ion  only preliminary experimentation 
with t h i s  m e t a l  w a s  accomplished. 
A1 samples of two geometries w e r e  used i n  the  
inves t iga t ion  (Table 44): wafers of 2.54 c m  diameter by 
1.59 mm thickness  and f o i l s  of 3.34 c m  diameter by 0,254 
mm: impurity analyses of the  source materials are given 
i n  Chapter V. I n  both cases, the m o s t  s a t i s f a c t o r y  re- 
Also, 
The t r a n s i t i o n  temperature of A1 i n  O2 i s  
For 
TABLE 44. 
ALUMINUM SAMPLE DESIGNATIONS 
Sample Average Sample Thermocouple 
Designation Geometry s/v,mm-l Source Dimensions Position 
ALI wafer 0.764 2.54 cm rod 2.54 cm center 
1.59 mm bottom 
ALII 0.254 mm foil 7.30 0.254 mm 3.34 cm center 
0.254 mm bottom 
diam by of 
foil diam by of 
1 
s u l t s  w e r e  obtained i f  t he  thermocouple bead w a s  placed i n  the  
center  of the  containing c ruc ib l e  i n  contac t  with the  bottom 
of the  A1 sample. 
with t h i s  m e t a l .  I n  t he  course of these experiments, f i v e  
d i f f i c u l t i e s ,  some of which are unique t o  the induction fur-  
nace , became apparent. 
Only i g n i t i o n  temperature experiments w e r e  conducted 
The f i r s t  problem invol.ved measuring the  temperature 
of t he  sample. A s  was noted i n  Chapter V,  three types bf 
thermocouples w e r e  t e s t ed ,  W/Re, Ir/IrGORh, and Pt/Ptl3Rh 
thermocouples. The f i r s t  type w a s  found inadequate i n  both 
O2 and C02 atmospheres because of oxidat ion of t h e  W. 
couple w i r e s  of 0.51 mm diameter f a i l e d  cons i s t en t ly  a t  t e m -  
pera tures  on the order  of 1000°C i n  both of  these gases i n  
the pressure range of i n t e r e s t  (300 tor r  through 5 aim). 
Phermo- 
B e t t e r  r e s u l t s  w e r e  obtained with the  o the r  t w o  
types of thermocouples, also using 0.51 mm diameter w i r e .  In  
general ,  most of  t he  experiments which w e r e  performed w e r e  
l i m i t e d  by one of the  o the r  d i f f i c u l t i e s  t o  be discussed 
b e l o w ,  b u t  i n  the  event of  a thermocouple f a i l u r e  the  follow- 
ing  method was used t o  estimate the sample temperature. 
The Leeds and Northrup Rayotube appropriate  t o  
the  tempEratures of i n t e r e s t  i n  the A1 inves t iga t ion  is  
ca l ib ra t ed  a t  and above br ightness  temperatures of 975OC 
(see Chapter V ) .  The thermocouples, on the  o the r  hand, 
could be used i n  most cases  t o  temperatures on the  order  
of 15OO0C. 
these two methods of temperature measurement, 
was ca lcu la ted  according t o  Eqn. ( V I I - 1 6 )  : 
Thus there  i s  an overlapping of da ta  from 
I f  a mean emiss iv i ty  of the Rayotube t a r g e t  
( V I I - 1 6 )  
Tc where T 
and TRT i s  
is  the temperature measured by the thermocouple 
the grey body temperature r eg i s t e red  by the 
Rayotube, then t h i s  mean emissivi ty ,  which was used t o  
ca l cu la t e  the t r u e  temperature of the sample on the b a s i s  
of the Rayotube temperature a f t e r  the thermocouple had 
f a i l e d ,  was found t o  be r e l a t i v e l y  constant  i n  any given 
experiment throughout the region of overlap (from about 
1100 t o  15OO0C). 
parable  t o  l i t e r a t u r e  values of the emiss iv i ty  of Al, 
Values of emiss iv i ty  so ca lcu la ted  a r e  ‘not com- 
A1203, o r  the Sic cruc ib les  because, f i r s t l y ,  the viewing 
area of t h i s  p a r t i c u l a r  Rayotube, Model 8890, i s  la rge  
(6.54 square cm), secondly, the  Rayohbe may not  have 
been i n  focus i n  a p a r t i c u l a r  experiment, and f i n a l l y ,  
the ac tua l  pos i t ion  of the  molten A1 and cruc ib le  with 
respect  t o  the  Rayotube viewing area var ied  from experi- 
ment t o  experiment, 
problem which c u r t a i l e d  the A1 invest igat ion,  
Crucible mater ia l s  were the  source of the second 
A s  noted 
i n  Chapter V, the preliminary experimentation w a s  con- 
ducted with i g n i t i o n  d ishes  constructed from S ic ,  which 
was found t o  be completely unsa t i s fac tory ,  A t  hea t ing  
r a t e s  of about 60°C/min, i n  many of t he  ind iv idua l  experi- 
ments these  c ruc ib l e s  w e r e  observed t o  crack and i n  some 
cases  explode a t  temperatures i n  excess of 1000°C, 
Because S i c  couples with the  magnetic f i e l d  of 
t he  work c o i l ,  it is  sub jec t  t o  the  RF sk in  e f f e c t  which 
w a s  discussed i n  t h e  preceding sec t ion  of t h i s  chapter. 
The sk in  e f f e c t  creates l a r g e  thermal grad ien ts  i n  the  
c ruc ib le ,  and these grad ien ts  a r e  thought t o  be respon- 
sible i n  p a r t  f o r  t he  observed f a i l u r e  of t he  c ruc ib les ,  
The hole  which was d r i l l e d  i n  t h e  center  of t he  bottom 
of the  c ruc ib l e  t o  accomodate the  thermocouple a l s o  pre- 
sented a source of mechanical stresses. Many of  t h e  
cracks which destroyed the  c ruc ib l e s  appeared t o  emanate 
from these holes.  
The mater ia l s  problem may poss ib ly  be circumvented 
Sy use of o the r  high temperature materials such a s  Z r 0 2  
o r  S i 0 2 N 2 ;  c ruc ib l e s  of these compounds w e r e  no t  ava i l -  
ab le  a t  the  t i m e  of t he  present  invest igat ion.  
The o the r  t h ree  d i f f i c u l t i e s  which w e r e  en- 
countered i n  the  A 1  investig,ation are a l l  unique t o  the  
induction furnace: these are electrical  arcing,  power- 
l imi ted  experiments, and the  magnetic f ie ld-surface ten- 
s ion  in te rac t ion .  The former w a s  observed genera l ly  a t  
the  l o w e r  p ressures  of i n t e r e s t  and occurred between the  
work c o i l  and the  sample o r  c ruc ib le .  I n  severa l  cases 
it was impossible t o  a s c e r t a i n  whether a rc ing  o r  ex- 
plosion of t he  c ruc ib l e  occurred f i r s t .  
periments i n  which a transformer w a s  used i n  order  t o  
decrease the  p o t e n t i a l  drop across  the  c o i l  ind ica ted  
t h a t  t h e  e f f i c i ency  of t h e  transformer severely l imi ted  
Preliminary ex- 
the  maximum power ava i lab le ,  Increasing the  spacing 
between the  c ruc ib l e  and the  c o i l ,  by using a larger 
diameter work coi l ,  had the  same e f f e c t .  Most l i k e l y  
the  high temperature A1 experiments can be conducted 
only a t  pressures  higher than atmospheric, where arc- 
ing  w a s  no t  observed. 
l imi ted  r a t h e r  than temperature-limited. Some of the  
7 
R e c a l l  t h a t  an induction furnace i s  power- 
experiments with the  l a rge  Mg cyl inders  i n  5 atm of 60 2 
w e r e  power-limited, and s i m i l a r  d i f f i c u l t i e s  w e r e  found 
i n  some experiments with Ca. Even fo r  the  s m a l l  A1 
samples, t h i s  problem occasional ly  appeared. 
the  work c o i l  i s  proport ional  t o  the  square r o o t  of f re-  
quency i n  use (260) , higher  sample power inputs  could be 
a t t a ined  with the  present  10 KW generator  by using the  
high frequency o s c i l l a t o r  c i r c u i t  r a the r  than the  low 
frequency c i r c u i t ,  However, a s  w a s  mentioned i n  Chapter 
Vr i n  the  frequency range of the  high frequency generator 
d i e l e c t r i c  heat ing becomes important and would b r ing  
about hea t ing  of the  i n s u l a t o r s  surrounding the  cu r ren t  
feedthroughs en te r ing  the test  vessel .  A l s o ,  the  a rc ing  
problem would be expected t o  increase with use o f '  the  
higher frequency,, 
l a t o r  c i r c u i t  i n  conjunction with the  present  design of 
the  pressure vesse l  i s  unfeasible .  
Since the  power input  t o  the sample within 
Thus use of the  high frequency o s c i l -  
The f i n a l  problem which l imi ted  the  A1 experi- 
ments  i s  the  magnetic f ie ld-sur face  tension i n t e r a c t i o n  
which was explained i n  the  preceding sec t ion  of t h i s  
chapter. For the  ALII samples (of thickness  0.254 mm) 
m o s t  of the  metal formed an annulus a f t e r  the metal had 
7As w i l l  be shown l a t e r ,  arcs w e r e  not  observed a t  2 o r  
5 atm, 
melted; only a t h i n  f i l m  of metal remained i n  the i n t e r i o r .  
Thus the thermocouple readings w i l l  not  i nd ica t e  the  t r u e  
metal temperature. This i n t e r a c t i o n  was not  observed 
with the  A L I  samples, however, and successful  experimen- 
t a t i o n  could be conducted with samples of t h i s  thickness  
(1.59 mm) o r  l a rge r .  
A s  noted previously,  only i g n i t i o n  temperature 
experiments w e r e  attempted i n  the  present  invest igat ion.  
These w e r e  done pr imar i ly  with the A L I I  samples, and only 
i n  pure O2 o r  C02. 
shown i n  Table 45. I n  the  table a r e  l i s t e d  t h e  maximum 
temperature a t t a i n e d  i n  the  p a r t i c u l a r  experiment, e i t h e r  
a s  measured by the  thermocouple o r  a s  estimated from the  
mean emiss iv i ty  ca l cu la t ion  f o r  the  p a r t i c u l a r  experiment, 
and the  cause of termination o r  f a i l u r e  of the experiments. 
The f i r s t  values l i s t ed  i n  these columns w e r e  obtained i n  
experiments using Pt/Ptl3Rh thermocouples and t h e  second 
using Ir/IrGORh. The legend f o r  f a i l u r e  mode i s  an follows: 
P i nd ica t e s  a power-limited experiment; A i nd ica t e s  arcing;  
and C i nd ica t e s  a c ruc ib l e  cracking o r  exploding, A l l  of 
t he  experiments with the  A L I I  samples w e r e  a l s o  subjec t  
t o  the  surface tension problem. 
ments with no i g x i t i o n  observed was 1586OC. 
w e r e  observed, i n  O2 and i n  C02  a t  5 atm, a t  temperatures 
of 1329 and 117OoC, respect ively,  
thermocouple w a s  no t  i n  contac t  with a l l  of t h e  molten 
metal sample (due t o  the  surface tension e f f e c t ) ,  these 
i g n i t i o n  temperatures a r e  d e f i n i t e l y  low. Also, it was 
no t  d e f i n i t e l y  ascer ta ined  t h a t  t he  A1 i gn i t ed ;  i n  other 
The r e s u l t s  of these experiments a r e  
The h ighes t  temperature a t t a i n e d  i n  the  experi- 
Two i g n i t i o n s  
However, because the  
TABLE 45. 
, RESULTS OF PRELIMINARY A1 EXPERIMENTS 
0.254 mm FOILS, ALII (Average S/V = 7.30 mm-') 
Average Initial 
Ignition Tegp - Fa i luge 
Mode Heating Rgte, 0 c /min erature, C 0 
Total 
Gas Pressure 
300 torr 61 , 60 71318, 21515 PYP 
O2 1 atm 67,60 ,1321, ,1120 A,A 
2 atm 58,80 ,1424, >1315 CYP 
5 atm 58,70 1329, 71040 C or A,C 
>1527@ C or A,C 
P,C or A 1 atm 66 , 85 
C02 300 torr --,95 
2 atm 66,-- ~1437, >1315 PYP 
5 atm 54,70 ,1433,1170 PYC 
*First value listed is from an experiment with Pt/Ptl3Rh thermo- 
couple, and second value with Ir/Ir6ORh thermocouple. 
P denotes experiment power-limited. 
A denotes experiment terminated by an arc. 
6This temperature was estimated from the Rayotube mean emissivity 
denotes experiment terminated by explosion of Sic crucible. 
calibration. The thermocouple failed at a lower temperature. 
words, t h e  Sic cruc ib le  may have ign i t ed  first,  and then 
heated the A 1  t o  igni t ion.8 
these i g n i t i o n s  w e r e  unreproducible. 
A s  i s  seen f r o m  t he  table, 
With the  A L I  samples s i m i l a r  temperaturks w e r e  
a t t a ined  before  the  onse t  of the  d i f f i c u l t i e s  noted above, 
b u t  i n  one experiment i n  O2 a t  1 atm, a temperature of 
172Ooc w a s  reached with no i g n i t i o n  i n  a power-limited ex- 
periment. 
It  i s  f e l t  t h a t  most of the d i f f i c u l t i e s  en- 
countered i n  the  preliminary experiments with A1 can be 
*A blank run, without t he  A 1  sample, could no t  be conducted 
because the thermocouple would immediately couple with the 
f i e l d  and burn out. Thus any i g n i t i o n  temperature of t he  
S i c  c ruc ib l e s  could no t  be measured. 
circumvented: temperatures may be estimated a f t e r  f a i l u r e  
of t he  thermocouple through use of t he  Rayotube br ight -  
ness  temperature and the  mean emiss iv i ty  ca lcu la t ion ;  
Z r 0 2  o r  S i 0 2 N 2  c ruc ib l e s  may withstand the  thermal stresses 
i n  the  temperature range of i n t e r e s t ;  the a rc ing  problem 
may be eliminated by experimentation a t  2 and 5 atm; re- 
design of t he  cu r ren t  feedthroughs a t  t he  rear of t he  t es t  
vesse l  may allow use of the  high frequency o s c i l l a t o r  cir- 
c u i t  of t he  RF g'enerator and thus permit higher power in- 
pu t s  t o  the  sample; and use of A L I  and l a r g e r  samples w i l l  
guarantee tha t  the  i n t e r a c t i o n  between the  magnetic f i e l d  
and the  surface tension of t h e  molten metal i s  unimportant. 
The r e s u l t s  which w e r e  obtained i n  the  present  
inves t iga t ion  do not  con t r ad ic t  t he  conclusions reached 
on the  b a s i s  of the  l i t e r a t u r e  review, t h a t  the  i g n i t i o n  
and t r a n s i t i o n  temperatures of A 1  i n  0 
melting p o i n t  of A1203.  
and GO2 equal t h e  2 
4. C a l c i u m  
When the  var ious problems associated with the  
study of  the  i g n i t i o n  of A 1  w e r e  discovered, an inves t i -  
ga t ion  o f  the  i g n i t i o n  of C a  was begun. 
chosen f o r  study f o r  pr imar i ly  the  following reasons: 
f i r s t l y ,  l i t e r a t u r e  values of bulk i g n i t i o n  temperature i n  
O2 equal 55OoC (22 ,  196, 200), and t h i s  l o w  temperature 
could present  no problems of the  nature  encountered i n  
the  A 1  inves t iga t ion ;  secondly, t h e  l i t e r a t u r e  review in- 
d ica ted  t h a t  the  i g n i t i o n  of  t h i s  metal w a s  cont ro l led  by 
the  t r a n s i t i o n  temperature (see Chapter I V ) ,  and thus  the  
i g n i t i o n  of Ca and A1 w e r e  thought t o  be s i m i l a r ;  and 
f i n a l l y ,  t he  O2 i g n i t i o n  temperature f o r  Ca, 55OoC, given 
by o the r  i nves t iga to r s  ( 2 2 ,  196, 200), i s  w e l l  below the 
metal melting p o i n t  of 850°C ( 6 ) ,  and thus the  i n t e r a c t i o n  
This metal was 
between the magnetic f i e l d  and the surface tension act-  
ing on the molten metal should not  occur i n  the tempera- 
t u r e  range assoc ia ted  w i t h  the i g n i t i o n  of t h i s  metal. 
As w i l l  be seen i n  t h i s  sect ion,  however, under the ex- 
perimental  condi t ions of the present  inves t iga t ion  igni-  
t i o n  of Ca occurred a t  a higher  temperature than t h a t  
l i s t e d  i n  the l i t e r a t u r e  and f o r  l a rge  samples is con- 
t r o l l e d  by the c r i t i c a l  temperature. 
conducted by exac t ly  the  same methods and procedures 
used w i t h  Mg; t h a t  is, i g n i t i o n  temperature experiments 
and c r i t i c a l  temperature experiments w i t h  i n i t i a l  equ i l i -  
b ra t ion  e i t h e r  i n  A r  o r  i n  the oxidizing gas of i n t e r e s t  
were performed. The only important d i f fe rences  were the 
use of a Sic ra the r  than Inconel W susceptor i n  the 
c r i t i c a l  temperature experiments and hea t ing  by means of 
the constant  r a t e  of change of temperature cont ro l  u n i t  
described i n  Chapter V. 
s i z e s  w h i c h  were used a r e  given i n  Table 46. (The i m -  
p u r i t i e s  contained w i t h i n  the source mater ia l s  are listed 
i n  Chapter V.) 
The inves t iga t ion  of the i g n i t i o n  of Ca was 
Sample spec i f i ca t ions  f o r  the three sample 
For the purpose of ca l cu la t ion  of. the 
surface areas  of the three types of samples, it was assumed 
t h a t  the top and 'side of the cyl inders  and a l l  surfaces  of 
the two f o i l  s i z e s  were exposed t o  the oxidizing gas. 
Thermocouple c a l i b r a t i o n s  i n  s i t u  w e r e  accom- 
p l i shed  during t h e  experiments by observation of the metal 
melting and freezing poin t  of 85OoC ( 6 ) .  The thermocouple 
e r r o r  throughout the Ca inves t iga t ion  was 10°C o r  less. 
Chromel-alumel thermocouples were found s a t i s f a c t o r y  ex- 
cept  i n  c e r t a i n  experiments i n  which the  thermocouple was 
exposed t o  molten Ca f o r  t i m e s  longer than about 10 min; 
upon such exposure the thermocouples usua l ly  f a i l ed .  
TABLE 4 6 .  
CALCIUM SAMPLE DESIGNATIONS 
Sample 
Designation Geometry 
CAI cylinder 
CAI1 0.889 mm 
foil 
CAI11 0.508 mm 
foil 
Aver ag e 
0.201 
s/v,mm-l 
2.30 
4.08 
Sample 
Dimensions Source 
2.34 cm 2.34 cm 
r od diam by 
1.90 cm 
0.889 mm 3.34 cm 
foil diam by 
0.508 mm 3 .34  cm 
foil diam by 
0.889 mm 
0,508 mm 
Thermocouple 
Posit ion 
6 . 3  nun from 
top on cen- 
t er line 
center of 
top 
center of 
top 
a. Ign i t ion  Temperature Experiments 
Resul ts  of the i g n i t i o n  temperature experiments f o r  
t he  Ca cy l inders  and f o i l s  a r e  shown i n  Fig. 37 through 39. 
A s  before ,  i g n i t i o n  temperature is  p l o t t e d  versus t o t a l  pres- 
sure  on a logarithmic ax i s ,  and the  average i g n i t i o n  tempera- 
t u r e  i n  a p a r t i c u l a r  gas  combination, averag'e i n i t i a l  heat-  
ing  rate,  average surface t o  volume r a t i o ,  and average t e m -  
pera ture  error are indicated i n  the  f igures .  
From these  f igu res  it i s  seen t h a t  only with the  
smallest samples i n  5 atm of O2 w e r e  i g n i t i o n  temperatures 
observed commeasurate w i t h  the  l i t e r a t u r e  value of 55OoC 
( 2 2 ,  196, 200). However, the l i t e r a t u r e  value i s  presumably 
for  bulk i g n i t i o n  i n  O2 a t  1 atm; unfortunately,  none of 
these inves t iga to r s  gave the  surface a rea  to  volume r a t i o  
of t h e  samples used i n  t h e i r  experiments (Table 16 ) .  
However, these inves t iga to r s  used r e s i s t ance  fur- 
naces t o  measure their  ig 'n i t ion  temperatures ( 2 2 ,  196, 200), 
whereas the  p re sen t  inves t iga t ion  makes use of  an induction 
furnace f o r  t he  i g n i t i o n  temperature experiments. A s  w a s  
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noted i n  Section 2 ,  i n  t he  environment provided by t h e  
l a t t e r  type of furnace, a l a rge  conduction h e a t - l o s s  
i n t o  t h e  sample i s  expected because of the rad io  fre-  
quency sk in  e f f e c t .  Thus the  Gloss curve w i l l  s h i f t  
upwards on the  6 versus Ts diagram, and higher i g n i t i o n  
(and c r i t i ca l )  temperatures w i l l  be measured i n  an in- 
duction furnace f o r  m e t a l s  whose bulk i g n i t i o n  is  con- 
t r o l l e d  by t h e  c r i t i ca l  temperature. 
i gn i t ed  a t  t h e  m e t a l  melting po in t  (85OoC ( 6 ) )  i n  O2 
and the  0 2 - A r  combination and above the  metal melting 
po in t  i n  CO C02-Ar,  o r  02-C02 mixtures (Fig. 3 7 ) .  A s  
expected on the  basis of the  i g n i t i o n  model, f o r  t he  
smaller samples lower i g n i t i o n  temperatures w e r e  observed 
(Fig. 38 and 39)  .) I n  a l l  cases, the  thermocouple igni-  
t i o n  temperatures defined by maximum r a t e  of change of 
sample temperature and of l ig .ht  i n t e n s i t y  emitted by the  
sample w e r e  e s s e n t i a l l y  equivalent ,  except i n  a f e w  cases  
where the  Rayotube viewed an a rea  d i f f e r e n t  from the  
thermocouple pos i t i on  
9 
A s  w a s  the  case f o r  Mg, the  Ca cy l inders  
2' 
Combustion of  a l l  sample s i z e s  i n  0 C02,  o r  the  
various gas mixtures occurred i n  a b r i l l i a n t  white flame 
w i t h  traces of orang'e color ing (emission from e i t h e r  atomic 
C a  o r  molecular CaO (269) ) : only a t  the  lower pressures  
2'  
i n  C02 and the  C02-Ar mixture d id  severa l  f lamelets  occupy 
t h e  sample surface simultaneously. The products of com- 
bus t ion  i n  a l l  of the  ox id ize r s  consis ted of white smoke 
and white, brown, and black powders and deposi ts :  i n  t he  
CO -containing mixtures a s t rong scen t  of C H emanated 
from the  massive products a f t e r  an experiment and ind ica ted  
t h a t  CaC2 had been formed i n  the react ion.  
a s imi l a r  s m e l l  w a s  observed with the  products of combus- 
'See Section 4.b. 
2 2 2  
Occasionally 
t i o n  i n  O2 and the  02-Ar mixture, probably as a r e s u l t  
of incomplete washing of  the  mineral o i l  (under which the  
samples had been s tored)  from the  sample during i t s  
preparation. 
(1) The E f f ? c t  of  Total  Oxidizer Pressure 
By comparisor: of Fig. 37, 38, and 39, the  t o t a l  
pressure t rend i n  i g n i t i o n  temperature as a funct ion of 
sample s i z e  can be seen. 
observed with Mg is  apparent: f o r  Ca the  i g n i t i o n  t e m -  
pera ture  fo r  the  cy l inders  i n  C02 and 50YC02-50%Ar de- 
creases with increasing t o t a l  pressure.  ( R e c a l l  t h a t  
f o r  the  l a rge  Mg cyl inders  the  i g n i t i o n  temperature in- 
creased with increasing pressure.)  
from examination of Fig. 3 7 ,  the  C a  i g n i t i o n  temperatures 
i n  C02 and i n  the  C02-Ar mixture are more a function of 
t o t a l  pressure than of p a r t i a l  pressure of C02. 
t i o n  of these i g n i t i o n  temperatures with the  p a r t i a l  pres- 
sure  of C02 i nd ica t e s  t h a t  the  reac t ion  i s  d i f fus ion  con- 
t r o l l e d ,  it is  f e l t  t h a t  t he  disagreement i s  simply a re- 
s u l t  of the  l a rge  scatter i n  the  measured i g n i t i o n  t e m -  
pera tures  which are shown i n  Fig,  37 because, f i r s t l y ,  
the  opposite t rend  observed i n  the  02-C02 mixture suggests 
a k i n e t i c  e f f e c t ,  and secondly, the  i g n i t i o n  temperatures 
f o r  the  s m a l l e r  samples appeared t o  be funct ions only of 
t he  C 0 2  p a r t i a l  pressure.  
samples the  i g n i t i o n  temperature i n  O2 o r  50W2-50%Ar w a s  
a function only of the  O2 p a r t i a l  pressure:  the  r e s u l t s  
obtained i n  the  02-C02 mixture co r re l a t ed  with the  C02 
p a r t i a l  pressure.  
c reas ing  t o t a l  pressure found f o r  the  two f o i l  samples 
One major d i f fe rence  from t h a t  
A s  one would suspect  
Although it i s  poss ib le  t h a t  the  lack  of cor re la -  
I 
I n  the  case of these smaller 
The decrease i n  i g n i t i o n  temperature with in- 
(Fig', 38 and 39) i nd ica t e s  t h a t  h e a t  losses t o  the  envir-  
onment a r e  the important mechanisms of h e a t  t r a n s f e r  from 
the  reac t ion  surface,  as w a s  the  case f o r  the  s m a l l  Mg' 
samples as w e l l  (see Section 2 . a 0 ( 1 ) ) ,  
(2)  The Ef fec t  of Sample Size 
For  a t o t a l  pressure of 300 t o r r ,  the average 
i g n i t i o n  temperatures f o r  t he  var ious C a  samples i n  the  
var ious gas combinations are p l o t t e d  versus sur face  area 
t o  volume r a t i o  i n  Fig. 40. A s  the  p l o t s  f o r  t o t a l  pres- 
sures  of 1, 2 ,  and 5 atm w e r e  exac t ly  s imi l a r  except f o r  
a s l i g h t  lowering of i g n i t i o n  temperature with increasing, 
pressure,  only the  s ing le  f igu re  i s  presented, 
t u r e  a s  4OO0C i n  the  pressure range from 100 t o  760 t o r r  
has  been discussed i n  Appendix I. A s  no reac t ion  r a t e  
da t a  are ava i lab le  i n  the l i t e r a t u r e  f o r  the  oxidat ion 
of Ca i n  C 0 2 ,  no estimate of t he  Ca-C02 t r a n s i t i o n  t e m -  
pera ture  can be made. A l s o ,  no comparable i g n i t i o n  t e m -  
pera tures  a r e  ava i l ab le  i n  the  l i t e r a t u r e  (Table 16), 
because i n  the oxidizing gases of i n t e r e s t  o the r  invest-  
i g a t o r s  neglected t o  give the  surface-volume r a t i o  of 
t h e i r  samples, 
The est imat ion of the  Ca-O2 t r a n s i t i o n  tempera- 
For the  th ree  sample s i z e s  used i n  t h e  present  
inves t iga t ion ,  no bulk i g n i t i o n  reg, ime,  i n  which the igni-  
t i o n  temperature i s  expected t o  become independent of 
sample s i z e ,  i s  apparent, However, the d e f i n i t e  lowering 
of i g n i t i o n  temperature w i t h  increasing S/V and the magni- 
tude of the  discrepancy between t h e  i g n i t i o n  temperature 
i n  O2 and the  appropriate  t r a n s i t i o n  temperature suggest 
t h a t  t he  i g n i t i o n  of Ca i n  all of the  gases s tud ied  i s  
cont ro l led  by the  . c r i t i c a l  temperature r a t h e r  than the  
t r a n s i t i o n  temperature under the  condi t ions of the present  
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experiments. This conclusion w i l l  be subs tan t ia ted  f u r t h e r  
i n  the sec t ion  w h i c h  follows dea l ing  with t h e  measured 
c r i t i c a l  temperatures f o r  Ca. 
(3)  The E f f e c t  of Applied Heating R a t e  
I g n i t i o n  temperature as a funct ion of applied 
hea t ing  rate is  shown i n  Tables 47 through 49. I n  general ,  
f o r  a l l  t h ree  sample s i z e s  any dependence on hea t ing  rate 
i s  s l i g h t  except i n  two i s o l a t e d  cases: f o r  the  l a rge  C a  
cy l inders  i n  O2 a t  300 t o r r  o r  2 atm, and f o r  the smaller 
f o i l s  i n  50%02-50%C02 a l s o  a t  these  t o t a l  pressures ,  the  
i g n i t i o n  temperature decreases with increasing hea t ing  
rate. The former t rend  may be explained a s  follows: s ince  
i g n i t i o n  occurs a t  the  melting p o i n t  of t he  m e t a l  f o r  the  
l a rge  cy l inders  i n  02, and s ince  the  m e t a l  melting po in t  
of 85OoC i s  the  value which would be obtained i n  an 
melting experiment only f o r  extremely s l o w  hea t ing  r a t e s ,  
b u t  i n  a c t u a l i t y  w i l l  occur over a wider and wider tempera- 
t u r e  range as the applied hea t ing  rate i s  increased, ig'ni- 
t i o n  occurs a t  lower temperatures with increasing heat ing 
r a t e ,  Note, however, t h a t  t h i s  t rend is  not  c l e a r l y  de- 
f ined i n  the  0 2 - A r  mixture, as would be expected. 
Because of the  general  independence of i g n i t i o n  
temperature on hea t ing  rate and because no anomalous glows 
o r  f l a shes  w e r e  observed w i t h  t h i s  metal during the  heat-  
ing  process,  it i s  concluded t h a t  t he  magnetic force- 
surface tension e f f e c t  which w a s  important w i t h  t he  smaller 
samples of both Mg and A 1  had no inf luence on the  measured 
i g n i t i o n  temperatures, probably as a r e s u l t  of t he  l a r g e r  
thickness  of t he  C a  samples (0.508 mm) as compared t o  the  
depth of pene t ra t ion  o r  sk in  e f f e c t  (on t h e  order  of  0.15 
m m ) ,  Therefore, a t  l eas t  i n  t e r m s  of t he  p re sen t  experi- 
mental environment of the  induction furnace, these igni -  
(212) 
TABLE 47. 
EFFECT OF HEATING RATE ON IGNITION TEMPERATURE: 
Ca CYLINDERS, CAI (AVERAGE s/v = 0,201 m-l> 
Gas 
O2 
50% 02- 
50% A r  
C02 
50% C02- 
5077 A r  
50x7 0 - 
50% d2 
T o t a l  Time Average Ig i t i a l  I g n i t i o n  0 
Pres sur e H e a t i n g  R a t e ,  C/min Tempera tu re ,  C 
300 t o r r  
2 atrn 
300 t o r r  
2 a t m  
300 to r r  
2 a t m  
I 
300 t o r r  
2 a t m  
300 t o r r  
2 a t m  
8 
83 
104 
9 
44 
81 
17 9 
8 
76 
93 
162 
10 
38 
60 
157 
9 
82 
87 
187 
9 
70 
7 1  
17 0 
7 
67 
76 
8 
66 
83 
151 
10 
74 
79 
17 2 
9 
55 
63 
122  
86 3 
823 
803 
832 
836 
8 15 
803 
837 
836 
810 
839 
827 
852 
810 
832 
1020 
1032 
97 0 
9 97 
909 
839 
1029 
968 
958 
9 87 
950 
967 
930 
9 15 
,935 
9 24 
9 12 
886 
929 
939 
964 
973 
828 
Gas 
O2 
50% 02- 
50% A r  
c02 
50% C02- 
50% A r  
50% 02- 
50% C02 
TABLE 48. 
EFFECT OF HEATING RATE ON IGNITION TEMPERATURE: 
0.889 mm Ca FOILS, CAI1 (AVERAGE S/V = 2.30 mm-') 
Time Average I n i t i a l  Ign i t ion  
0 0 
Tota l  
Pressure Heating Rate, C/min Temperature, C 
300 t o r r  
2 atm 
300 t o r r  
2 atm 
300 t o r r  
2 atm 
300 t o r r  
2 atm 
300 t o r r  
2 atm 
11 
7 1  
96 
132 
57 
66 
174 
8 
38 
81 
131 
13 
38 
92 
131 
7 
39 
80 
167 
10 
80 
83 
181 
9 
57 
94 
19 1 
11 
75 
91 
182 
9 
86 
93 
114 
9 
69 
73 
17 1 
7 64 
746 
742 
758 
739 
632 
752 
723 
7 27 
7 36 
730 
739 
733 
683 
761 
697 
772 
779 
758 
680 
790 
692 
748 
7 67 
811 
773 
7 7 1  
7 10 
758 
7 11 
7 65 
787 
779 
763 
757 
761 
757 
7 05 
778 
TABLE 49, 
EFFECT OF HEATING RATE ON IGNITION TEMPERATURE: 
0.508 mm Ca FOILS, CAI11 (AVERAGE S/V = 4,O8 mm- ') 
Gas 
O2 
50% 02- 
50% A r  
c02 
5oXx cop- 
50"/, A r  
50% 0 - 
50% C62 
Time Average  Ig i t i a l  Igni t ion 
0 
T o t a l  
Pres sure H e a t i n g  R a t e ,  C/min Tempera ture ,  C 
300 t o r r  11 
55 
6 1  
68 
197 
2 a t m  
300 t o r r  
2 a t m  
300 t o r r  
2 a t m  
300 t o r r  
2 a t m  
300 t o r r  
2 a t m  
1 2  
76 
78 
186 
10 
78 
84 
181 
8 
84 
93 
188 
11 
70 
99 
165 
12 
78 
8 1  
17 1 
9 
8 1  
100 
183 
7 
77 
98 
174 
9 
72 
90 
193 
13 
86 
90 
15 1 
6 89 
64 0 
66 1 
673 
6 84 
66 1 
674 
585 
632 
7 00 
673 
680 
646 
67 1 
567 
633 
655 
7 05 
645 
670 
64 2 
645 
601 
655 
6 05 
687 
667 
7 17 
677 
632 
643 
646 
603 
7 11 
664 
678 
620 
7 02 
683 
64 7 
626 
t i o n  t mperatures are "real".  
I n  the  next sec t ion  of  t h i s  chapter  t h e  re- 
s u l t s  of t he  c r i t i ca l  temperature experiments with Ca 
a r e  described and discussed. 
b. C r i t i c a l  Temperature Experiments 
The only s i g n i f i c a n t  d i f fe rences  between the  
procedure and apparatus of  t he  Mg and C a  c r i t i c a l  t e m -  
pera ture  experiments w e r e  t he  use of the temperature 
d i f f e ren t i a t ing% u n i t  t o  assist i n  d e f i n i t i o n  of sample 
equilibrium ( t h a t  is ,  t i m e  zero of t he  experiments) and 
use of a Sic r a t h e r  than Inconel W susceptor. As was 
noted i n  Chapter V, higher i n i t i a l  sample temperatures 
could be a t t a ined  with the  former susceptor. 
was found necessary t o  conduct experiments a t  300 and 
760 t o r r  r a t h e r  than a t  300 t o r r  and 2 atm a s  i n  the  Mg 
inves t iga t ion ,  because i n  both O2 and C 0 2  a t  2 atm t h e  
Ca c r i t i ca l  temperature experiments w e r e  invar iab ly  
power-limited; r ad ia t ion  and convective h e a t  l o s ses  from 
the outs ide  of t he  l a r g e  susceptor w e r e  responsible f o r  
t h i s  d i f f i c u l t y .  
I n  s p i t e  of these higher temperatures, it 
C r i t i c a l  temperature experiments w e r e  performed 
w i t h  only the  Ca cy l inders  and 0.508 mm f o i l s  i n  pure O2 
and pure C02 a t  the  aforementioned pressures.  
are l i s t e d  i n  Table 50, and the experimental parameters 
and e r r o r s  a re  given i n  Table 51. Several observations 
can be made on the basis of Table 50; most of these are 
expected on the  basis of the Mg inves t iga t ion  or  of the 
The r e s u l t s  
versus S/V graphs. Tign 
The f i r s t  and d i f f e r i n g  r e s u l t  i s  t h e  corres- 
pondence of  t he  i g n i t i o n  and c r i t i ca l  temperatures f o r  
both sample s i z e s  a t  both t o t a l  p ressures  i n  02' Extensive 
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TABLE 51.  
EXPERIMENTAL PARAMETERS FOR THE CALCIUM 
. CRITICAL TEMPERATURE EXPERIMENTS 
Average Average I n i -  Sample Thermo- Suscep to r  
t i a l  Hgat ing  c o u p l e  E r r o r ,  D e v i a t i o n  
P o i n t ,  C 
C From Se$ 
Designa-  s/v1 0 
Sample t i o n  mm Rate, C/min 
c y l i n d e r  C A I  0.204 52.4 6.6 5.5 
0.508 mm 
f o i l  C A I  I I 4.02 58.6 9.2 3.8 
experimentation was performed a t  these test  poin ts ,  b u t  i n  
no case was sample self-heat ing observed: t he  samples e i t h e r  
i gn i t ed  before  equilibrium was es tab l i shed  o r  d i d  not  i g n i t e  
(or  se l f -hea t )  within the  one hour t i m e  l i m i t  of t he  experi- 
ments. Thus the  i g n i t i o n  and c r i t i ca l  temperatures could 
not be dis t inguished and have been taken as equal  i n  Table 
50. 
The explanation of t h i s  phenomenon t h a t  immediate- 
l y  comes t o  mind i s  t h a t  the experiments w e r e  performed . 
a t  the  i g n i t i o n  l i m i t  a t  which these  two temperatures a r e  
equal (see Chapter 11). However, it is  extremely unl ike ly  
t h a t  coincidence with the  i g n i t i o n  l i m i t  could occur over 
such a w i d e  range of the  independent experimental var iables:  
increasing the  t o t a l  pressure should increase the  reac t ion  
r a t e  and thus 4 and decreasing the  sample s i z e  should 
decrease the  magnitude of h e a t  l o s s e s  i n t o  the  sample and 
chem 
thus :loss* 
Rather, it i s  thought t h a t  t h i s  coincidence of 
c r i t i c a l  and i g n i t i o n  temperatures r e s u l t s  from i g n i t i o n  
occurring a t  the  m e t a l  melting po in t  (85OoC ( 6 ) )  a t  a l l  
of t he  O2 t e s t  points .  
by the  experimental observation of t he  l e v e l l i n g  of the  
temperature traces i n  the  temperature range of the  i g n i t i o n  
temperatures in 02. In  o the r  words, t he  i n t e r s e c t i o n  of 
the ichem and 610s~ curves which represents  t he  c r i t i ca l  
temperature occurs a t  t he  m e t a l  melting po in t  i n  the  
p a r t i c u l a r  experimental s i t u a t i o n  used i n  the  present  
inves t iga t ion .  Ign i t ion  a l s o  occurs a t  t h i s  temperature 
because of t he  increase i n  enthalpy of t he  C a  a t  i t s  
melting po in t  ( t h a t  is ,  addi t ion  of the  h e a t  of fusion) , 
as was a l s o  the  case f o r  t he  l a rge  Mg samples i n  02. 
As t he  c r i t i c a l  (and ign i t ion )  temperatures i n  
O2 given i n  the  t a b l e  f a r  exceed t h e  Ca-02 t r a n s i t i o n  
temperature of 4OO0C, it is  concluded t h a t  t he  c r i t i ca l  
temperature con t ro l s  i n  the  i g n i t i o n  of C a  i n  02. Thus 
a l l  of  the  t rends  which w e r e  observed with the  M g  r e s u l t s  
should appear i n  the  C a  r e s u l t s  as w e l l ,  
Although no estimate of t r a n s i t i o n  temperature 
fo r  the  Ca-C02 system can be made, t he  appearance of the  
s i z e  e f f e c t  i n  i g n i t i o n  temperature ind ica t e s  t h a t  the 
This conclusion is  subs tan t ia ted  
c r i t i ca l  temperature con t ro l s  i n  C02 as w e l l ,  
observations can be made (Table 50):  f i r s t l y ,  t he  igni-  
t i o n  temperaturks i n  both O2 and C02  are r e l a t i v e l y  in- 
dependent of oxide f i lm thickness,  as l i t t l e  d i f f e rence  
i n  the values measured i n  the two types of c r i t i ca l  t e m -  
pera ture  experiments is seen'' (as expected i n  cases f o r  
which the  c r i t i ca l  temperature exceeds the  t r a n s i t i o n  
temperature). The lack  of any e f f e c t  of applied hea t ing  
rate f o r  a l l  sample s i z e s  i n  the  i g n i t i o n  temperature ex- 
"Note, however t h e  anamolous behavior of the  da t a  fo r  
the  large samples i n  C02 and the  s m a l l  samples i n  O2 
a t  1 aim, 
As f o r  the  Mg inves t iga t ion ,  the  following 
periments is  cons i s t en t  with t h i s  observation, and the  
discrepancies  shown i n  Table 50 are genera l ly  within 
the  experimental scatter. 
and i g n i t i o n  temperatures a r e  d is t inguishable ,  t he  pres- 
sure  t rend of these t w o  temperatures is  s imi la r .  A t  
1 atm, s ince  the  c r i t i ca l  temperature i s  approximately 
equal t o  the  metal melting po in t ,  no pressure t rend  i n  
c r i t i ca l  temperature i s  observed. 
Thirdly, the s i z e  e f f e c t  i n  i g n i t i o n  i s  not  
as pronounced i n  t h e  experiments using the  susceptor,  
which is  character ized by more uniform hea t ing  of the  
sample and sh ie ld ing  of t he  sample from h e a t  losses t o  
11 the  environment. 
F ina l ly ,  f o r  t h e  l a r g e  Ca cy l inders  measured 
Secondly, i n  C02 a t  300 t o r r  where t h e  c r i t i ca l  
i g n i t i o n  temperatures a r e  lower with the susceptor,  
because the  magnitude of the  heat loss i n t o  the  i n t e r i o r  
of t h e  sample i s  decreased ( r e l a t i v e  t o  the environment 
using induction hea t ing ) .  That i s ,  f o r  t he  l a r g e  Ca 
(and M g )  samples i n  the susceptor,  more uniform hea t ing  
of the sample occurs s ince  the re  i s  no sk in  e f f e c t :  thus 
t h i s  heat loss t e r m  i s  diminished by the  susceptor.  
For the  smaller samples, however, which are shielded 
from h e a t  l o s ses  t o  the environment by the susceptor,  
12 
~ 
" R e c a l l  t h a t  because the  e f f e c t  of heating' r a t e  on igni-  
t i o n  temperature i n  i g n i t i o n  temperature experiments w a s  
s l i g h t ,  it was concluded tha t  the  thermocouple e r r o r s  due 
t o  the sk in  e f f e c t  and t o  any sur face  tension phenomena 
w e r e  unimportant i n  these  experiments. 
12A1so, of course, s ince  i g n i t i o n  temperatures w i t h  the 
susceptor a r e  measured i n  experiments general ly  s t a r t i n g  
a t  equilibrium ( t h a t  i s ,  c r i t i ca l  temperature experiments) , 
temperature grad ien ts  i n t o  the  sample should be very s m a l l  
o r ,  i n  t he  l i m i t ,  zero. 
higher ignition temperatures are observed with the susceptor 
environment, See Section 2.b os this chapter. 
on measured critical and ignition temperatures is demonstrated 
for cases in which the critical temperature exceeds the trans- 
ition temperature. Recall, however, that it was concluded 
tentatively on the basis of the Mg results that a bulk ignition 
temperature exists, at which the heat losses into the sample 
and thus the ignition (and critical) temperatures become rel- 
atively independent of size. This conclusion must now be 
questioned because of the lack of correspondence between lit- 
erature values of Ca-02 ignition temperature (55QOC (22,196, 
200) ) and those obtained in the present investigation, even 
with the susceptor in the critical temperature experiments. 
It was noted at the beginning of this section that lower ig- 
nition temperatures measured in resistance furnaces can be ex- 
plained by the model in terms of reduced heat losses into the 
metal sample; the fact that high ignition temperatures were ob- 
served also using the Sic susceptor must then reflect incom- 
plete shielding of the sample from the magnetic field of the  
work coil. However, it is possible that a region of bulk be- 
havior exists in a given experimental situation and,that in 
differing experiments, bulk ignition temperatures may not be 
comparable. 
tion temperature fbr any metal-oxidizer system is the appro- 
priate transition temperature. 
the lowest possible ignition temperature, only a lowering 
limiting value can be placdon ignition temperature, both for 
cases in which the critical temperature is larger than the 
transition temperature and vice versa. The value of ignition 
temperature as compared to the transition temperature will 
then reflect the sample size, method of sample heating, and 
heat losses from the sample to the environment, that is, the 
particular nature of the experimental environment, 
Again the importance of experimental environment 
Apparently, then, the only absolute value of igni- 
Since this temperature is also 
c. Summary 
duct ion furnace because l i t e r a t u r e  values  of t r a n s i t i o n  
and i g n i t i o n  temperatures i n  O2 ind ica ted  t h a t  the l a t t e r  
w a s  cont ro l led  by the  former, the p resen t  r e s u l t s  have 
shown tha t  i n  the experimental apparatus used the  c r i t i c a l  
temperature con t ro l s  i n  i g n i t i o n ,  both i n  02  and i n  C 0 2 .  
Thus t h e  i g n i t i o n  of Mg and C a  are s imi l a r .  The more s ig -  
n i f i c a n t  conclusions are a s  follows: 
Although C a  w a s  selected for  study i n  the  in- 
Although the samples used i n  the p resen t  
i n v e s t i g a t i o n  w e r e  t o o  l a r g e  t o  have igni- ,  
t i o n  temperatures on t h e  order  of t h e  t ran-  
s i t i o n  temperatures, the  expected s i z e  t rend 
w a s  observed, as the i g n i t i o n  temperature 
decreased as the  sur face  area t o  volume 
r a t i o o f  t he  sample w a s  increased. I n  C02  
under a l l  condi t ions t h e  i g n i t i o n  temper- 
a t u r e  exceeded the measured c r i t i c a l  
temperatures. 
Unlike the  case of Mg, however, i n  0 2  t he  
i g n i t i o n  and c r i t i c a l  temperatures could 
no t  be d is t inguished ,  probably because both 
occurred wi th in  the  temperature range of 
melting of t he  metal .  
The  lack of  correspondence between the bulk 
i g n i t i o n  temperatures measured i n  the  p re sen t  
i nves t iga t ion  and those reported i n  t h e  lit- 
e r a t u r e  i n d i c a t e s  t h a t  the bulk i g n i t i o n  t e m -  
pe ra tu re  a l s o  cannot be considered an absol- 
u t e  i g n i t i o n  temperature independent of  t he  
p a r t i c u l a r  experimental environment; use of 
an induct ion furnace with i t s  assoc ia ted  s k i n  
e f f ec t  gives  l a r g e  conduction losses i n t o  
t h e  i n t e r i o r  of th m e t a l  sample and thus 
high i g n i t i o n  temperatures and emphasizes 
the  r e l a t i v e  na ture  of  i g n i t i o n  and c r i t i c a l  
temperatures. 
It is  therefore  concluded t h a t  only the  
t r a n s i t i o n  temperature i s  a c t u a l l y  an ab- 
s o l u t e  re ference  temperature. For metals 
such as Mg o r  C a ,  one can expect  i g n i t i o n  
temperatures g r e a t e r  than or  equal  t o  the 
appropr ia te  t r a n s i t i o n  temperatures: f o r  a 
m e t a l  such as A l ,  i g n i t i o n  w i l l  always occur 
a t  the t r a n s i t i o n  temperature. 
I n  t h i s  chapter q u a n t i t a t i v e  da t a  on i g n i t i o n  
temperatures and c r i t i ca l  temperatures f o r  M g  and Ca,  
obtained i n  the induction furnace f a c i l i t y ,  have been 
discussed. Although experimentation with metals whose 
i g n i t i o n  is  thought t o  be cont ro l led  by the t r a n s i t i o n  
temperature w a s  no t  conducted, because of experimental 
d i f f i c u l t i e s  encountered i n  the  study of A l ,  and because 
unexpected r e s u l t s  w e r e  found i n  experiments with Ca, 
the a b i l i t y  of the  metal i g n i t i o n  c r i t e r i o n  t o  c o r r e l a t e  
i g n i t i o n  data has been demonstrated both i n  general  and 
i n  p a r t i c u l a r .  
CHAPTER V I 1 1  - CONCLUSIONS 
M e t a l  i g n i t i o n  and m e t a l  combustion have gained 
widespread a t t e n t i o n  i n  recent  years  because of severa l  
modern appl ica t ions ,  including the  addi t ion  of t h e  l i g h t  
metals t o  s o l i d  p rope l l an t  rocket fuels .  I n  s i t u a t i o n s  
of t h i s  type f a s t  and e f f i c i e n t  i g n i t i o n  and combustion 
are necessary to  guarantee attainment of t h e o r e t i c a l  
s p e c i f i c  impulse. However, f o r  reasons not  c l e a r l y  under- 
stood, the  des i red  performance is usual ly  not  f u l l y  rea l ized ,  
Fundamental s tud ie s  of metal i g n i t i o n  and com- 
bust ion are needed i n  order  t o  shed l i g h t  on those processes 
which a r e  important i n  propulsion appl ica t ions ;  the  present  
inves t iga t ion  has concerned i t s e l f  with the problem of 
metal i g n i t i o n  i n  such a manner. 
veloped i n  Chapter 11. 
cal  thermal theo r i e s  of heterogeneous ign i t i on ,  b u t  dis-  
t inguishes  between the  spontaneous i g n i t i o n  and i g n i t i o n  
temperatures: t he  former, named the  c r i t i c a l  temperature, 
i s  introduced a s  tha t  i n t e r s e c t i o n  of t he  curves of rate 
of hea t  release by the  chemical reac t ion  and of rate of 
hea t  loss from the  reac t ion  surface which is unstable  with 
respec t  t o  pertuybations of surface (o r  reac t ion)  tempera- 
tu re .  The i g n i t i o n  temperature, on the  o the r  hand, i s  
t h a t  surface temperature a t  which immediate inflammation 
o r  temperature runaway (ending i n  steady, self-sustained 
combustion) occurs. Other than a numerical d i f fe rence  
between these t w o  temperatures, an i g n i t i o n  delay t i m e  
separa tes  them. Since such delays are undesired, i n  pro- 
puls ion appl ica t ions  it is  of i n t e r e s t  t o  see t h a t  the  
metal l ic  add i t ives  are heated t o  t h e i r  i g n i t i o n  temperatures 
by the  reac t ion  of t he  s o l i d  propel lant .  
A physical  model of m e t a l  i g n i t i o n  has  been de- 
This model i s  based on the  classi- 
However, t he re  i s  one f u r t h e r  complication 
a r i s i n g  i n  the  problem of metal i g n i t i o n ,  This compli- 
ca t ion  i s  the  formation of a solid-phase product f i lm  on 
the  reac t ion  surface through ordinary low-temperature 
oxidat ion reac t ions ,  
t u r e  has  revealed t h a t  i n  general  a t  low temperatures 
such oxidat ion product f i lms  may be c l a s s i f i e d  as pro- 
t e c t i v e  and as non-protective a t  higher  temperatures (but 
below the  i g n i t i o n  temperatures).  The d i s t i n c t i o n  between 
a non-protective and p ro tec t ive  product f i lm i s  defined 
by the  temporal dependence of the  reac t ion  r a t e  describ- 
ing i t s  formation: the  low-temperature, or p ro tec t ive  rate 
laws a r e  inverse ly  proport ional  t o  some funct ion of t i m e ,  
whereas the  higher temperature, non-protective rate l a w  
i s  independent of t i m e  ( t he  l i n e a r  rate l a w ) .  
Study of  the  m e t a l  oxidat ion l i tera-  
A s  noted,, the  d i f f e r e n t  types of r a t e  laws 
occur i n  d i f f e r e n t  temperature regimes; on t h i s  b a s i s ,  
a t h i r d  temperature, c a l l e d  the  t r a n s i t i o n  temperature, 
i s  introduced i n t o  the  physical  model of metal i gn i t i on .  
A t  and above t h i s  t r a n s i t i o n  temperature, the oxide f i lm 
i s  non-protective i n  the  sense t h a t  a l i n e a r  ra te  l a w  
i s  observed f o r  i t s  formation i n  ordinary low-temperature 
m e t a l  oxidat ion experiments. 
Since the  c r i t i c a l  and i g n i t i o n  temperatures 
a r e  defined i n  t e r m s  of h e a t  l o s ses  from the r eac t ion  
surface,  these temperatures a r e  expected t o  depend strong- 
l y  on the  environment experienced by the  metal sample; 
the  t r a n s i t i o n  temperature, however, i s  pos tu la ted  t o  be 
r e l a t i v e l y  independent of environment. 
A c r i t e r i o n  f o r  m e t a l  i g n i t i o n  is  then postu- 
la ted :  t he  i g n i t i o n  temperature, defined by the appearance 
of a flame, mus t  be g r e a t e r  than both the  c r i t i c a l  t e m -  
perature ,  a t  and above which sample self-heat ing i s  
possible ,  and the  t r a n s i t i o n  temperature, a t  and above 
which the  oxide f i lm formed i n  the  l o w  temperature pre- 
i gn i t i on  reac t ions  i s  non-protective. 
statement can be made because of t he  absolute  nature  of 
t he  t r a n s i t i o n  temperature: t he  minimum poss ib le  igni-  
t i o n  temperature i s  the  t r a n s i t i o n  temperature appropriate  
t o  the  product f i lm formed on t h e  r eac t ion  surface.  
sample i n  i g n i t i o n  ind ica t e s  t h a t  above some l a r g e  s i z e  
the i g n i t i o n  and c r i t i ca l  temperatures w i l l  be r e l a t ive -  
l y  independent of sample s i z e ,  because f o r  f u r t h e r  increases  
i n  s i z e  the  conduction h e a t  l o s s  from the  reac t ion  sur- 
face t o  the i n t e r i o r  of t h e  sample changes l i t t l e  i n  
magnitude. A s  t he  s i z e  of t he  sample i s  decreased, t he  
r e l a t i v e  importance of t h i s  heat loss t e r m  decreases,  
and the  i g n i t i o n  and c r i t i c a l  temperatures a l s o  decrease. 
A m o r e  r e s t r i c t i v e  
Study of t he  e f f e c t  of s i z e  of t he  me ta l l i c  
Because of the pos tu l a t e  of the m e t a l  i g n i t i o n  
c r i t e r i o n ,  however, the  i g n i t i o n  temperature can be no 
lower than the  t r a n s i t i o n  temperature, which i s  postu- 
l a t e d  t o  be independent of sample s ize .  
I n  Appendix I and Chapter 111, with the  help of the metal oxi- 
da t ion  l i t e r a t u r e  t r a n s i t i o n  temperatures are est'imated 
as a function of ,oxidizing gas pressure f o r  twenty m e t a l -  
gas systems involving eleven metals, which w e r e  se lec ted  
because of t h e i r  use i n  propulsion appl ica t ions  o r  char- 
acter is t ic  p rope r t i e s  of the  metal o r  product formed i n  
the  oxidat ion react ion.  Examination of t he  inf luence of 
sample s i z e  and surface pretreatment on t r a n s i t i o n  t e m -  
pera ture  ind ica t e s  l i t t l e  e f f e c t  of these parameters. 
However, sample p u r i t y  and non-isothermal s i t u a t i o n s  
may have some effect  on t r a n s i t i o n  temperature. 
'Transition temperatures are i n  most cases estimated on the  
basis of t he  usual isothermal meta l lurg ica l  experiments. 
1 
The m e t a l  oxidat ion and m e t a l  i g n i t i o n  l i t e r a t u r e s  a re  re- 
viewed i n  Appendix I1 and Chapter I V  and c r i t i c a l  temperatures and 
i g n i t i o n  temperatures f o r  t he  metal-gas systems under study 
are l i s t e d -  Certain types of i g n i t i o n  experiments, i n  
which observation of sample self-heat ing is  d i f f i c u l t  o r  
impossible and thus i n  which confusion between t h e  c r i t i ca l  
and i g n i t i o n  temperatures i s  poss ib le ,  are in t e rp re t ed  i n  
view of the  phys ica l  model of m e t a l  ign i t ion .  The igni- 
t i o n  c r i t e r i o n ,  t h a t  the i g n i t i o n  temperature w i l l  be 
g r e a t e r  than the  c r i t i c a l  and t r a n s i t i o n  temperatures, i s  
obeyed i n  the  case of eleven metal-gas systems, Eight 
systems cannot be t e s t e d  aga ins t  t he  c r i t e r i o n  because of 
i n s u f f i c i e n t  da ta ,  and i n  only one case is  the  c r i t e r i o n  
no t  followed. 
The s t ronger  statement t h a t  t he  minimum i g n i t i o n  
temperature i s  the  t r a n s i t i o n  temperature i s  s a t i s f i e d  i n  
fourteen of t he  s ix teen  metal-gas combinations f o r  which 
s u f f i c i e n t  da ta  a r e  ava i l ab le  i n  t h e  l i t e r a t u r e ,  i f  those 
types of experiments a r e  neglected i n  which sample s e l f -  
heat ing can i n t e r f e r e  w i t h  measured i g n i t i o n  temperatures: 
otherwise, t en  of s ix teen  combinations s a t i s f y  the  s t a t e -  
ment. 
Those systems which cons i s t en t ly  disobey the  
c r i t e r i o n  a r e  character ized by high s o l u b i l i t i e s  of t he  
p a r t i c u l a r  oxidizing gas i n  the  m e t a l  (the Zr-O2 and Ti -02  
systems). This high s o l u b i l i t y  may account f o r  discrep- 
ancies  between the  i n i t i a l  gas concentrations i n  the metal 
samples used i n  the  var ious experiments, upon which esti-  
mates of t r a n s i t i o n  and c r i t i ca l  temperatures and measure- 
ments of i g n i t i o n  temperatures w e r e  based. 
On the  b a s i s  of t he  l i t e r a t u r e  review, it is 
concluded t h a t  the  t r a n s i t i o n  temperature con t ro l s  ( t h a t  
is ,  i s  g r e a t e r  than the  c r i t i c a l  temperature) i n  the igni-  
t i o n  of a t  l e a s t  four of t he  twelve metal-gas  systems f o r  
which s u f f i c i e n t  da t a  are ava i l ab le  t o  make a pred ic t ion ,  
The predic ted  s i z e  e f f e c t ,  t h a t  the c r i t i c a l  
and i g n i t i o n  temperatures decrease with decreasing sample 
s i z e  i n  cases  fo r  which the i g n i t i o n  temperature i s  con- 
t r o l l e d  by the c r i t i c a l  temperature, i s  observed fo r  
many of the metal-gas systems which w e r e  s tudied,  
Other theor ies  of metal i g n i t i o n  a r e  reviewed 
i n  Appendix 11, Three bas i c  d i f f i c u l t i e s  a r e  observed 
with a l l  of those quan t i t a t ive  theor ies  developed f o r  
the ign i t i on  of s ing le  metal pieces:  no s i z e  e f f e c t  o r  
the  wrong s i z e  e f f e c t  i n  i gn i t i on  i s  predicted;  i gn i t i on  
and c r i t i c a l  temperatures are predic ted  t o  be independent 
of ox id izer  pressure;  and quan t i t a t ive  ca lcu la t ions  are 
impossible fo r  zero oxide thicknesses.  Although the 
mathematical statement of the  present  model is too com- 
p l ica ted  fo r  quan t i t a t ive  ca lcu la t ions  
d i s c u s s e d  below), none of these d i f f i c u l t i e s  associated 
with the  other  theor ies  occur. A l s o ,  the  concept of the 
t r a n s i t i o n  temperature i s  unique t o  the  present  model. 
(for reasons t o  be 
The f a i l u r e  of  a l l  o ther  metal i g n i t i o n  theor ies  
t o  p r e d i c t  the observed and important s i z e  dependence i s  
a t t r i b u t a b l e  t o  s impl i f ica t ion  of the hea t  loss t e r m s  
chosen fo r  the var ious theories .  The physical  model of 
metal i g n i t i o n  avoids t h i s  problem by considering exac t  
hea t  loss terms i n  i t s  formulation, b u t  such a compli- 
ca t ion  prevents quan t i t a t ive  ca lcu la t ion ,  
of the metal oxidat ion and ign i t ion  l i t e r a t u r e s  t h a t  the  
physical  model of metal i gn i t i on  presented i n  t h i s  re- 
p o r t  i s  more general  than o the r  theor ies  of i gn i t i on  and 
c o r r e l a t e s  i g n i t i o n  da ta  more successfu l ly  over wide ranges 
of independent var iab les ,  
t i t a t i v e  aspec t  of the model, the t r a n s i t i o n  temperature, 
It i s  concluded on the grounds of the  review 
Agreement w i t h  the  s ing le  quan- 
i s  su rp r i s ing ly  good i n  view of i t s  r a t h e r  simple de f i -  
n i t  ion , 
Two general  types of experiments w e r e  performed 
i n  the  p re sen t  i nves t iga t ion  i n  order  t o  f u r t h e r  v e r i f y  
the  v a l i d i t y  of  the  model and c r i t e r i o n .  The f i r s t  type 
w a s  a r e l a t i v e l y  q u a l i t a t i v e  experiment involving the  
i g n i t i o n  of metal w i r e s  heated ohmically. A1 and M g  
received the  most study i n  these experiments, and i n  
Chapter V I  the  o r i g i n a l  development of the  model on the  
b a s i s  of such s tud ie s ,  and more r ecen t  experiments with 
these metals i n  H20 atmospheres are reported.  
l a t t e r  experiments observations a r e  cons i s t en t  with ex- 
pec ta t ions  based on the  model, b u t  as noted above, no 
quan t i t a t ive  d a t a  w e r e  obtained. 
i g n i t i o n  and combustion of Ta and M o  w i r e s  and of im-  
proved i g n i t i o n  e f f i c i e n c y  f o r  A 1  are, because of space 
l i m i t a t i o n s ,  reported elsewhere (247, 248, 249) . 
I n  the  
Other s t u d i e s  of the  
Quan t i t a t ive  da t a  w e r e  obtained i n  an induction 
furnace f a c i l i t y  designed and constructed f o r  t h i s  pur- 
pose (Chapter V I I )  . Detai led experimental measurements 
of c r i t i c a l  and i g n i t i o n  temperatures f o r  Mg and Ca i n  
C 0 2 ,  and mixtures of these gases with each o t h e r  o r  
with A r  w e r e  accomplished and used t o  probe the  v a l i d i t y  
of the  model and c r i t e r i o n  of m e t a l  i gn i t i on .  Although 
experimentation with A1 was attempted, var ious experi- 
mental d i f f i c u l t i e s  which may requi re  some redesign of 
the  f a c i l i t y  c u r t a i l e d  the  inves t iga t ion ,  
O2' 
With Mg and Ca, however, many important observa- 
t i o n s  w e r e  made which demonstrate the  a p p l i c a b i l i t y  of the  
model. I n  a l l  cases measured i g n i t i o n  temperatures equaled 
o r  exceeded measured c r i t i ca l  and estimated t r a n s i t i o n  t e m -  
pera tures ,  
f o r  v a r i a t i o n s  i n  metal sample s i z e ,  oxidizing gas  pressure ,  
Trends i n  c r i t i ca l  and i g n i t i o n  temperatures 
and experimental environment w e r e  cons i s t en t  with the  
model. Most importantly, l ack  of agreement between bulk 
i g n i t i o n  temperatures f o r  C a  i n  0 from l i t e r a t u r e  s tud ie s  
and from the  present  i nves t iga t ion  ind ica t e  t h a t  the  bulk 
i g n i t i o n  temperature cannot be considered an absolute  
quant i ty ,  b u t  a l s o  v a r i e s  as a function of the  experi-  
mental environment (or  more properly,  the  method of sample 
heating) . 
t u r e  i s  the  only absolute  index of i g n i t i o n  temperature 
f o r  any metal-oxidizer system; depending on the  r e l a t i v e  
magnitudes of the  c r i t i c a l  temperature f o r  the  p a r t i -  
cu l a r  sample environment i n  use and the  (absolute) t ran-  
s i t i o n  temperature, the  i g n i t i o n  temperature w i l l  vary 
as follows: i f  the c r i t i ca l  temperature exceeds the  tran- 
s i t i o n  temperature, then the  i g n i t i o n  temperature w i l l  
be g r e a t e r  than both of these temperatures. 
of the  m e t a l  sample i s  decreased, the  i g n i t i o n  tempera- 
t u r e  w i l l  decrease t o  the  t r a n s i t i o n  temperature and be- 
come independent of f u r t h e r  reductions i n  s i ze ,  I n  o the r  
words, if the  c r i t i ca l  temperature exceeds the  t r a n s i t i o n  
temperature, then any measured i g n i t i o n  temperature w i l l  
2 
It is  thus concluded tha t  the  t r a n s i t i o n  tempera- 
As the  s i z e  
be g r e a t e r  than o r  equal t o  the  t r a n s i t i o n  temperature, 
depending on the  sample s i z e ,  experimental configurat ion,  
and so for th .  - 
I f  the t r a n s i t i o n  temperature exceeds the  c r i t i ca l  
temperature appropriate  t o  the ambient condi t ions,  then 
t h e  i g n i t i o n  temperature w i l l  always equal the  t r a n s i t i o n  
temperature. 
po r t an t  design parameter which can i n  most cases be esti-  
m a t e d  e a s i l y  from the  m e t a l  oxidat ion l i t e r a t u r e .  
The t r a n s i t i o n  temperature, then, becomes an im-  
The 
rocket designer must insure  t h a t  t he  flame temperature 
of the  non-metallic propel lan ts  i s  equal t o  or  exceeds 
the t r a n s i t i o n  temperature of t he  m e t a l  addi t ive  i n  
order  t o  guarantee e f f i c i e n t  i g n i t i o n  and f a s t  combus- 
t i o n  of the me ta l l i c  fuel .  Should t h i s  important de- 
s ign  c r i t e r i o n  of a metal l ized propel lan t  system be 
m e t ,  m o s t  l i k e l y  t h e o r e t i c a l  performance of  t he  system 
w i l l  be approached m o r e  c losely.  
a metal such as A 1  f o r  which the  i g n i t i o n  process i s  
cont ro l led  by t h e  t r a n s i t i o n  temperature. A l s o ,  quan- 
t i t a t i v e  da ta  can be obtained i n  t h e  induction furnace 
f a c i l i t y  on the promising methods of  lowering the  t ran-  
s i t i o n  and i g n i t i o n  temperatures of A 1  by coat ing clean 
surfaces  of t h i s  metal with o the r  metals such as Mg and 
Ca (249), which have l o w  t r a n s i t i o n  temperatures. Such 
pretreatments of metal  add i t ives  of A 1  (or  B e )  should 
assist i n  performance improvements f o r  chemical propul- 
s ion  systems, 
Future s tud ie s  should include t h e  i g n i t i o n  o f  
F ina l ly ,  e f f o r t s  should be made t o  determine exper- 
imentally the t r a n s i t i o n  temperatures of metals l i k e  A1 and 
Be, which a re  of  propulsion i n t e r e s t ,  i n  combustion gases and 
gas mixtures l i k e l y  t o  be encountered i n  s o l i d  propel lan t  and 
hybrid rockets .  Such d a t a  are not  cu r ren t ly  ava i lab le  i n  the 
metal oxidation l i t e r a t u r e .  
2Ca was se l ec t ed  f o r  study f o r  t h i s  reason on the  basis 
of  t he  l i t e r a t u r e  review, b u t  i n  t h e  course of the  in- 
ves t iga t ion  it w a s  learned t h a t  i n  the present  experi-  
mental f a c i l i t y  t he  c r i t i ca l  temperature cont ro l led  i n  
i t s  igni t ion .  
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APPEJWIX I - LITERATURE REVIEW O F  TRANSITION TEMPERATURES 
Trans i t ion  temperatures fo r  the various metal-gas 
systems l i s t e d  i n  Chapter I11 are  estimated i n  t h i s  appendix 
by means of a comprehensive review of the m e t a l  oxidation 
l i t e r a t u r e .  A summary of the review may be found i n  Chapter 
111. 
1. Maqnesium 
Selected oxidat ion da ta  f r o m  the  m e t a l  oxidation 
l i t e r a t u r e  fo r  Mg i n  02, N2, a i r  C 0 2 ,  and H 2 0  are shown i n  
Table 2. Each gas i s  discussed separa te ly ,  i n  the  order j u s t  
given. 
respec t  t o  *mperature. Also included i n  the  t a b l e  are t e s t  
pressure,  experiment durat ion,  and sample geometry and sur- 
face preparation. An "ml' i n  t h i s  l a s t  column denotes mech- 
an ica l  abrasion,  a 'IC ' '  chemical pol ishing,  and an "e" elec- 
trochemical pol ishing.  Annealing pretreatments,  which a re  
general ly  a l s o  included i n  oxidation experiments, a r e  no t  
l i s t e d .  I n  order t o  avoid over-complication t h e  t ab le ,  only 
the  sample geometry and not  t he  sample dimensions is  given. 
Throughout t h i s  appendix the experiment a 1  da t a  d i s -  
cussed have been obtained i n  general  by gravimetric or mano- 
metric measurements. The reader i s  r e fe r r ed  t o  Ref. ( 6 ) ,  
(26) ,  o r  (27) ,  oq t o  the individual  references c i ted i n  th i s  
sec t ion  f o r  discussions of t h e  method of oxidation ra te  
measurement. 
I n  as much a s  possible ,  the da ta  are ordered with 
On the bas i s  of the da ta  l i s t e d  i n  Table 2,  t h e  t ran-  
s i t i o n  temperatures of Mg i n  N 2 '  a i r ,  and H 2 0  may be es- 
timated as 3OO0C (41),  450°C (44),  and less  than o r  equal 
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t o  425OC (46,47). 
t o  examine any pressure  e f f ec t .  
system, 
2-200 t o r r  (35) and a s  4OO0C a t  2.64 atm (28, 34). 
the Mg t r a n s i t i o n  temperature i s  g r e a t e r  than o r  equal t o  
5OO0C a t  1 atm (42) and increases  t o  a t  l e a s t  55OoC a t  15 
atm (42845). The e f f e c t  of sample s ize  and surface prepara- 
t i o n  a re  discussed i n  Chapter 111. I n  the case of the 
Mg-02 system, Eyring and Zwolinski (48) took 45OoC as t h e '  
temperature which d is t inguishes  between p ro tec t ive  and non- 
p ro tec t ive  oxidat ion regimes. 
been c i t e d  a s  mechanical stress cracking a t  a c r i t i c a l  oxide 
I n s u f f i c i e n t  da ta  a r e  ava i lab le ,  however, 
For the  case of the  Mg-O2 
may be taken as 475OC i n  the pressure  range Tt rans  
In C02,  
The physical  cause of the t r a n s i t i o n  i n  O2 has  
thickness  (39,40), mechanism (f) a s  discussed i n  Chapter 11, 
and a s  oxide c r y s t a l l i z a t i o n  (38) , mechanism (c).  I f  
mechanism ( f )  mechanical stress cracking were responsible  fo r  
the  t r a n s i t i o n ,  then a decrease i n  Ttrans with increas ing  
oxid izer  pressure  i s  not  unexpected: a t  a higher  pressure,  
the oxide w i l l  grow t o  i t s  c r i t i c a l  thickness  i n  a sho r t e r  
time a t  a given experimental temperature; e f f e c t i v e l y ,  then, 
the t r a n s i t i o n  temperature w i l l  be a t t a ined  a t  a lower temp- 
e ra ture .  However, mechanism (c) mechanical s t r e s s  cracking 
would not  be expected t o  show a pressure  e f f e c t  un less  crys- 
t a l l i z a t i o n  also occurred when a c r i t i c a l  oxide thickness  
was reached. 
Not included i n  the  t a b l e  a r e  the  da ta  of Cast le  
e t  a l .  (49). A t  an oxygen pressure of 100 t o r r  i n  the  
temperature range 500-550°C these inves t iga to r s  obtained a 
pro tec t ive  oxida t ion  r a t e  i f  extremely pure oxygen was used. 
The r e s u l t i n g  oxide f i lm was observed t o  be p ro tec t ive  fo r  
a t  least 300 h r  a t  525OC. 
amounts of hydrocarbon impuri t ies  i n  the  tes t  oxygen give 
rise t o  the  non-protective r a t e  genera l ly  observed i n  t h i s  
They w e r e  able  t o  show t h a t  s l i g h t  
temperature range. This surpr i s ing  observation has not  
been fu r the r  inves t iga ted  i n  the  l i t e r a t u r e ,  and f o r  the  
present  purposes, the  Mg-0, t r a n s i t i o n  temperature w i l l  
be taken a s  those values l i s t e d  above i n  the appropriate  
pressure regimes. 
The higher t r a n s i t i o n  temperature which i s  ob- 
served i n  C02 r e s u l t s  from the presence of C i n  the  MgO 
fi lm (42,43,50) r a the r  than from carbonate o r  carbide 
films. The value of 55OoC f o r  Mg-C02 may be s l i g h t l y  
high however, a s  McIntosh and Bagley (50) s t a t e d  t h a t  
" the pro tec t ive  value of the  oxide f i lm appears t o  be much 
reduced above 45OoC," and Salesse (51) remarked t h a t  the 
f i lm is p ro tec t ive  t o  45OoC. 
Since only MgO is  formed upon reac t ion  i n  H20 
(46,47), it is  not  surpr i s ing  t h a t  the Mg-H20 t r a n s i t i o n  
temperature is  close t o  t h a t  of Mg-02. 
value i n  the former case may be due t o  the  formation of 
H2, which i n  escaping from the  sca le  lowers i t s  pro tec t ive  
a b i l i t y  . 
The s l i g h t l y  lower 
2. Lithium 
A s  can be seen from Table 3, very l i t t l e  oxida- 
t i o n  da ta  i s  avai lable  f o r  L i .  Although McFarlane and 
Tompkins (52)  ind ica ted  t h a t  the t r a n s i t i o n  temperature 
of the Li -02  system i s  27OC and r e s u l t s  from type ( f )  
mechanical stress cracking, i n  experiments a t  a much higher  
pressure  I rv ine  and Lund (53) found t h a t  no reac t ion  occurs 
i n  O2 a t  a s l i g h t l y  higher  temperature. This anomaly could 
be due t o  the  presence of H20 i n  the  experiments of the  
former, a s  w i l l  be shown below. The inverse logarithmic r a t e  
law mentioned by Ref. (52)  i s  another example of a pro tec t ive  
r a t e  law. It  may be wri t ten:  
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where x i s  the thickness  of oxide formed a t  t i m e  t 8  and 
and k3 a r e  constants .  c3 
The exponential  r a t e  observed i n  N2 (54) 8 of 
the form: 
( A l - 2 )  
where k4, c4, and c5 are constants ,  was a t t r i b u t e d  by the 
authors t o  non-isothermal condi t ions during the  experiments 
due t o  sample self-heat ing,  t h a t  is, these experiments were 
performed above the Li-N2 c r i t i c a l  temperature. 
w i l l  be discussed fu r the r  inAppendix 11. 
r a t e  by a manometric method based on the equation 
This r e s u l t  
Deal and Svec (55) observed the L i - H 2 0  react ion 
1 L i  + H 2 0  = L i O H  + 2H2 ( A l - 3 )  
These authors obtained a logari thmic reac t ion  r a t e ,  a s  i s  
shown i n  Table 3.  I rv ine  and Lund (53),  however, found a 
monohydrate i n  the reac t ion  products: 
L i  + 2H20 = LiOH-H20 + $H2 (Al-4) 
Using a gravimetr ic  method, they obtained a l i n e a r  reac- 
t i o n  r a t e ,  and a t t r i b u t e d  the d i f fe rence  between t h e i r  re- 
s u l t s  and those of Deal and Svec t o  the  manometric method 
based on the inco r rec t  reac t ion  (241-3) 
Taking the r e s u l t s  of I r v i n e  and Lund t o  be 
cor rec t ,  the  t r a n s i t i o n  temperature of the Li-H20 system 
l i e s  below room temperature; type ( f )  mechanical s t r e s s  
cracking ( a t  a cr i t ical  oxide th ickness)#  i s  c i t e d  a s  the  
phys ica l  mechanism (53).  
3, Calcium 
Selected oxida t ion  da ta  f o r  calcium are shown i n  
Table 4, In  02, Ca may e x h i b i t  a l i n e a r  oxidat ion r a t e  a t  
as LOW a temperature a s  3OO0C (22853) , 
these inves t iga to r s  acknowledged t h e  p o s s i b i l i t y  of sample 
se l f -hea t ing  during t h e i r  experiments. 
d id  not  mention se l f -hea t ing  and d id  not  observe a l i n e a r  
r a t e  u n t i l  about 435OC. Thus t h i s  discrepancy may possibly 
r e s u l t  from c r i t i c a l  temperature in te r fe rence  with the  oxi- 
da t ion  experiments, 
t r a n s i t i o n  temperature is  a funct ion of pressure:  the t ran-  
s i t i o n  temperature may equal 3OO0C from 100 t o  200 t o r r  (53) ,  
435OC a t  200 t o r r  (56),  and 525OC a t  1 atm ( 3 9 ) .  However, 
it should be noted t h a t  P i l l i n g  and Bedworth's experiments 
(22 )  w e r e  most l i k e l y  conducted a t  1 atm, 
mechanical stress cracking (39) i s  expected t o  show the 
opposi te  pressure t rend,  a s  was discussed i n  the sec t ion  on 
Mg. Unt i l  more experimental evidence is  ava i lab le ,  
s i t i o n  temperature of the  Ca-02 system i s  taken t o  be close 
t o  the  value ind ica ted  by Cubicc io t t i  (56) ,  namely 40Ooc, 
over the  approximate pressure  range 100 tor r -1  atm. 
m i n  i n  H 2 0  i n  t he  temperature range 2O-7O0C; thus  the  t ran-  
s i t i o n  temperature of t he  Ca-H20 system may be only s l i g h t l y  
above 70°C, 
However, both of 
Cubicc io t t i  (56) 
Another p o s s i b i l i t y ,  however, i s  t h a t  t he  Ca-02 
Also, type ( f )  
the  t ran-  
Svec and Ape1 (57) obtained breakaway' a f t e r  100 
The comparison of the three  metals Mg, L i ,  and Ca, 
'Breakaways a r e  sudden discontinuous jumps observed i n  the 
oxidat ion rate, which may o r  may not  be followed by a l i n e a r  
r a t e  law, depending on the a b i l i t y  of the  oxide f i lm t o  s e l f -  
hea l ,  
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and the extension of the  metal i g n i t i o n  c r i t e r i o n  t o  the  
o ther  a l k a l i  and a lka l ine  e a r t h  m e t a l s  w i l l  be postponed 
u n t i l  the respect ive c r i t i c a l  and i g n i t i o n  temperatures 
a r e  discussed i n  Appendix 11. 
4. A l u m i n u m  
L i t e ra tu re  oxidat ion da ta  for  A 1  i n  02, N2, a i r ,  
and H20 are shown i n  Table 5. By f a r  the g r e a t e s t  amount 
of da ta  i s  ava i lab le  f o r  t he  A1-02 system, and t h a t  t he re  
i s  a l i n e a r  oxidat ion regime i n  the  temperature range 45OoC 
t o  t h e  metal melting po in t  (66OoC (6) )  i s  extremely w e l l  
documented, Gulbransen and Wysong (34,61) a t t r i b u t e d  the 
l i n e a r  r a t e  t o  SLOW, rate-determining ion formation a t  
e i t h e r  t h e  oxide-gas o r  metal-oxide in t e r f ace ,  b u t  o ther  
inves t iga tors  (62,68) argued t h a t  a constant  thickness  
layer  s i t ua t ed  between the  metal and an outer  porous layer  
i s  responsible  fo r  the l i n e a r  r a t e .  A t  l e a s t  i n  t h i s  t e m -  
pera ture  range, gas pressure i s  a r e l a t i v e l y  unimportant 
parameter . 
A1 i n  the range 660° through 835OC. 
specimens, upon which only a t h i n  oxide f i l m  was present  
a t  the s t a r t  of an experiment, o r  fo r  samples w h i c h  w e r e  
pre-oxidized a t  6OO0C fo r  one hour, p ro tec t ive  rates were 
observed. 
cor re la ted  h i s  da ta  i s  of the form 
Sleppy (29) inves t iga ted  the oxidat ion of molten 
For e i t h e r  as - ro l led  
The modified parabol ic  l a w  w i t h  w h i c h  Sleppy 
w h e r e ,  a s  before ,  x is  the oxide thickness  a t  t i m e  t and 
the ki a r e  constants  (29 ) .  
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There appears t o  be no oxidat ion da ta  ava i lab le  
fo r  temperatures g rea t e r  than the range inves t iga ted  by 
Sleppy, b u t  f o r  reasons t o  be discussed inAppendix 11, i n  
which the  i g n i t i o n  of A 1  w i l l  be reviewed, the t r a n s i t i o n  
temperature of  t he  A l - 0 2  system is  assigned a s  the  melting 
poin t  of A1203,  203OoC (6) .2 
sponsible f o r  the  t r a n s i t i o n  is  chen t h e  melting of the  
oxide, mechanism (b) a s  discussed i n  Chapter 11. 
The physical  mechanism re- 
Note t h a t  a s imi l a r  l i n e a r ,  then pro tec t ive ,  r a t e  
behavior occurs i n  N2 (41). The quoted a i r  r e s u l t s  are fo r  
amalgamated A l ;  t h i s  pretreatment  i s  known t o  destroy the 
usual ly  pro tec t ive  nature  of the oxide fi lm, 
i s  not  c l e a r l y  Understood, b u t  i s  discussed by Jackson and 
Leidheiser (66) and by Heyn (69). 
Insu f f i c i en t  da ta  a re  ava i lab le  t o  es t imate  the  
t r a n s i t i o n  temperature of A 1  i n  N2,  a i r ,  C02 ,  o r  H20,  b u t  
i f  the  p r inc ip l e  product formed i n  these l a s t  t h ree  react ions 
were A 1 2 0 3 ,  the  t r a n s i t i o n  temperatures could be expected t o  
be equal t o  the melting poin t  of t h i s  oxide, as is  the case 
i n  pure 02. 
The mechanism 
5, Beryllium 
The oxidat ion behavior of Be i n  O2 appears t o  be 
very s imi l a r  t o  t h a t  of A l ,  as can be seen from Table 6, 
medium temperatures, a U n e a r  reac t ion  rate is  observed (30) 8 
b u t  a t  higher  temperatures a pro tec t ive  r a t e  p reva i l s  (31).  
This reverse  t r a n s i t i o n  is  most l i k e l y  a r e s u l t  of s e l f -  
heal ing of the cracks i n  the  oxide fi lm, a s  suggested by 
Alymore e t  a l ,  (30). 
A t  
2Recall t h a t  it i s  necessary t h a t  the oxida t ion  r a t e  be l i n e a r  
a t  a l l  temperatures between the  t r a n s i t i o n  temperature and 
the ign i t i on  temperature (see Chapter 11). Thus the  t r ans i -  
ti08 temperature of the  A1-02 system cannot be taken a s  
450 C. 
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Not shown i n  Table 6 a r e  the  remarks of Beach 
(71) 8 who s t a t e d  t h a t  "beryllium metal resists a t t ack  by 
dry a i r ,  N2t  H2r and C02 a t  temperatures up t o  1500°F 
(816OC) .I' 
cons is ten t  with the  da ta  of Gregg e t  a l ,  (70) shown i n  
Table 6 ,  Beach a l s o  noted, however, t h a t  non-protective 
Be0 coa ts  a r e  formed i n  the  a i r  oxidat ion of Be i n  the  
temperature range 48 2-8 15OC. 
workers (70) i s  of the form 
This descr ip t ion  of t he  Be-C02system is  roughly 
The para l inear  r a t e  observed by Gregg and co- 
where the ki a r e  constants .  
same a s  the modified parabol ic  law, Eqn. ( A l - 5 )  8 found i n  
the oxidat ion of A1 (29). 
and i g n i t i o n  of A1 and Be, the  t r a n s i t i o n  temperature of Be 
i n  O2 w i l l  be taken a s  the melting poin t  of BeO, 253OoC (6 ) .  
This law is  e s s e n t i a l l y  the 
Because of the  s i m i l a r i t y  between the  oxidat ion 
3 
6, Uranium 
Oxidation da ta  f o r  uranium a r e  l i s t e d  i n  Table 7. 
In  the case of reac t ion  with O2 (or a i r ) ,  t he re  i s  general  
agreement t h a t  l i n e a r  r a t e s  a re  obtained over a wide pressure  
range above about 15OoC, which is  assigned a s  the t r a n s i t i o n  
temperature, Note, however, t h a t  pa ra l inea r  r a t e s  have been 
observed above 15OoC (73,74,78) , which may indica te  t h a t  the 
t r a n s i t i o n  temperature i s  g rea t e r  than 15O0C. Some inves t i -  
ga tors  regard mechanical stress cracking a t  a c r i t i c a l  oxide 
thickness ,  mechanism ( f ) ,  a s  the physical  mechanism respon- 
s i b l e  (72875-77), although Schnizlein and co-workers (85) 
3 
See Appendix 11. 
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noted t h a t  " there  is no c l e a r  ind ica t ion  t h a t  an oxide- 
cracking mechanism i s  appl icable  - '' 
change from U02  t o  U307 o r  U308 causes the  t r a n s i t i o n  
(mechanism (a))  , a s  t h i s  fu r the r  oxidat ion of the  dioxide 
i s  w e l l  documented (73,74,78). 
a r e  i n  disagreement, perhaps because of the  d i f f e r e n t  pres- 
sures  employed. 
Bagley (86) ,  who found very l i t t l e  reac t ion  f o r  t h i s  system 
i n  the temperature range 300-6OO0C. 
L i t t l e  information i s  ava i lab le  fo r  the  U-C02 
react ion,  Salesse (51) noted t h a t  U forms a pro tec t ive  
f i lm i n  10 atm of C02 i n  the  approximate range 650-800°C. 
The H20 r e s u l t s  a r e  a l s o  few and i n  disagreement. 
Another p o s s i b i l i t y  i s  t h a t  a chemical composition 
The da ta  shown fo r  t he  N2 reac t ion  i n  Table 7 
Not shown i n  the  t a b l e  i s  the r e s u l t  of 
7 ,  Zirconium 
Selected oxidat ion da ta  fo r  Z r  a r e  shown i n  Table 
8. 
much controversyo 
para l inear  r a t e  laws have been used fo r  c o r r e l a t i o n  of the 
experimental r e s u l t s ,  The f i r s t  l i n e a r  r a t e s  a r e  reported 
a t  temperatures equal t o  o r  g r e a t e r  than about 925OC and 
genera l ly  a t  p ressures  l e s s  than 1 atm (100,104,105), b u t  
o ther  i nves t iga to r s  have reported pro tec t ive  r a t e s  i n  t h i s  
temperature range a t  higher O2 pressures  (101,107,132).  
s o l u b i l i t y  of oxygen i n  the metal. Ref, (92) ,  (96) ,  (UO), 
and (118) through (126) d i scuss  t h i s  phenomenon i n  some de- 
t a i l ,  
r e s u l t s  i s  due t o  varying i n i t i a l  oxygen concentrat ions i n  
the  m e t a l  i n  the  ind iv idua l  experiments. 
As can be seen, the  Z r - 0 2  react ion is  the subjec t  of 
Below about 8OO0C, parabol ic ,  cubic,  and 
P a r t  of t h i s  controversy no doubt r e s u l t s  from the 
Perhaps the  discrepancy between the  experimental 
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The l i n e a r  oxidat ion rate observed a t  about 925OC 
has been a t t r i b u t e d  t o  seve ra l  mechanisms: ra te -cont ro l l ing  
oxygen adsorption on the  m e t a l  sur face  (100); various types 
of mechanical stress cracking of t h e  oxide (119,127) : mechan- 
i c a l  stress cracking due t o  the  u-f phase change i n  the  oxide 
i n  the  temperature range 700-800°C (110) 4; and mechanical 
stress cracking caused by s t r u c t u r a l  changes i n  the  under- 
l y ing  Z r - 0  s o l i d  so lu t ion  occurr ing a t  a so lu t ion  value of 
1 2  t o  15 atomic percent  (106). A f i n a l  p o s s i b i l i t y  is 
mechanical stress cracking caused by the  at-6 Z r  phase change, 
D e  Boer and Fas t  (120) have noted t h a t  t he  presence of  
oxygen or  ni t rogen i n  the  m e t a l  l a t t i ce  a l ters  the  above 
t r a n s i t i o n  from a sharp change a t  865OC t o  a t r a n s i t i o n  
range; such a change could explain oxide cracking a t  a high- 
er temperature. 
t i o n  temperature w i l l  t e n t a t i v e l y  be taken a s  925OC i n  the  
O2 pressure range 1-211 torr ,  w i t h  an e r r o r  of f 100°C i n  
order  t o  r e f l e c t  t he  uncer ta in ty  i n  the  l i t e r a t u r e .  This 
estimate w i l l  be discussed f u r t h e r  i n  Appendix 11. 
l y  above 164OoC, as i s  seen from Table 8, This gas i s  a l s o  
highly so luble  i n  Z r  (109,119-121,124,128). The upper l i m i t -  
ing  value of t h e  Zr-N2 t r a n s i t i o n  temperature i s  298OoC, the  
melting po in t  of Z r N  (6). 
On the  basis of the  l i t e r a t u r e ,  the  Zr -O2  t r a n s i -  
In  N2, t he  Z r  t r a n s i t i o n  temperature is apparent- 
In  a i r ,  as i n  02, the  t r a n s i t i o n  temperature i s  
poorly defined, but,  f o r  the t i m e  being, w i l l  a l s o  be taken 
as 925OC f 100°C. 
In  C02 i n s u f f i c i e n t  d a t a  i s  ava i l ab le  t o  est imate  
the t r a n s i t i o n  temperature, and i n  H 2 0  i n  general  p ro t ec t ive  
rates a r e  observed i n  the  temperature range from 250-8OO0C. 
‘Kubaschewski and Hopkins ( 6 ) ,  howeveor, l i s t  t h i s  a l lo-  
t r o p i c  t r a n s i t i o n  temperature as 1100 C. 
(277) 
Breakaways a r e  found, however, (116), and have been a t t r i -  
buted t o  f i lm degradation by H2 i n  the sca l e  ( 1 2 9 ) ,  mechani- 
cal stress cracking a t  metal g ra in  boundaries (130),  and 
mechanical stress cracking a t  a c r i t i c a l  f i lm thickness  
o r  r e s u l t i n g  from the a(-p Z r 0 2  t r a n s i t i o n  (131). 
t i o n  temperatures w i l l  no t  be assigned for  Z r  i n  e i t h e r  
of these gases, 
Transi- 
8. Titanium 
As is  the  case f o r  Z r ,  both O2 (13381358143,1448 
146,149,150) and N2 (148) a r e  soluble  i n  T i ,  I n  general  
however, the oxida t ion  regimes of T i  i n  O2 (Table 9) a r e  
more c l e a r l y  def ined than are those of Z r .  Breakaways w e r e  
observed i n  O2 i n  a temperature range a s  low a s  300-500°C 
and were a t t r i b u t e d  to  type ( f )  mechanical s t r e s s  cracking- 
a t  a c r i t i c a l  oxide thickness  (137). Linear oxidat ion r a t e s  
have been found i n  the  temperature range 650-10OO0C a t  1 
atm a f t e r  r a the r  long induct ion per iods (140) 8 850-1000°C 
i n  the pressure  range 10-3-760 t o r r  for  high p u r i t y  T i  
(135,136) 8 ~ O O - ~ O O O ~ C  i n a non-isothermal experiment with the 
furnace temperature r i s i n g  l i n e a r l y  a t  3-86 OC/min (101) 8 
and a t  1000°C i n  1 atm of O2 (142). 
cracking a t  a c r i t i c a l  oxide thickness  i s  genera l ly  c i t e d  
a s  the cause of t he  t r a n s i t i o n  (139,150). 
Ti-02 system may be estimated as  900°C i n  the  pressure  range 
from 10-3torr  to 1 atm, b u t  exceptions must  be noted: para- 
b o l i c  r a t e s  w e r e  observed by Richardson and Grant (141) i n  
t h i s  temperature and pressure  range; i n  experiments of sho r t  
durat ion,  Simnad e t  al .  observed a parabol ic  r a t e  i n  the  
temperature regime 800-1200°C (144) . 
ments, however, w e r e  conducted with oxygen sa tura ted  T i ,  
and the  authors noted t h a t  f a s t e r  rates were obtained 
with oxygen f r e e  T i ,  
Mechanical stress 
On t h i s  basis the  t r a n s i t i o n  temperature f o r  the 
These l a t te r  experi-  
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Furthermore, i n  a survey of t he  l i t e r a t u r e  on the Ti-02 
react ion,  Kofstad and Hauffe have concluded t h a t  the  oxi- 
da t ion  i s  parabol ic  above 95OoC (149). 
I n  N2 a t  1 atm, the  t r a n s i t i o n  temperature l ies 
between 140OoC (148) and 293OoC, the  melting po in t  of 
T i N  (6).  
9, Tantalum 
Selected oxida t ion  da ta  f o r  Ta i n  02, N2, and 
Although O2 i s  also soluble  a i r  a r e  shown i n  Table 10. 
i n  Ta (152,153,155,156,160-162,167-173,175), a s  can be 
seen from the  t a b l e  it i s  genera l ly  agreed i n  the l i t e r a -  
t u r e  t h a t  Ta exh ib i t s  a l i n e a r  rate i n  O2 a t  and above 
5OO0C, The appropriate  pressure  range is  from 10 t o r r  
t o  40 atm (156). A t  s l i g h t l y  lower pressures ,  the t r ans i -  
t i o n  temperature may be higher than 5OO0C, a s  Dravnieks 
observed a parabol ic  r a t e  a t  5OO0C i n  the pressure  range 
0.5 t o  4 t o r r  (97) .  Usually type ( f )  mechanical stress 
cracking was c i t e d  a s  the appropriate  phys ica l  mechanism 
(154,157,160,174) . Str inger  (158) found t h a t  the  oxida- 
t i o n  was inhibi ted.  by the  addi t ion  of e i t h e r  N2 o r  A r  t o  
the  tes t  atmosphere; thus t h i s  i n v e s t i g a t o r ' s  experiments 
w e r e  conducted wi th in  the  gas-phase d i f fus iona l ly  con- 
t r o l l e d  regime. A s  can be noted from Table 10, i n  general  
the  pressure  dependence within the l i n e a r  ox ida t ion  regime 
above 500°C is  complicated. 
The pa ra l inea r  r a t e s  observed by Kofstad (160, 
163) i n  the  temperature range 800-12OO0C were measured 
a t  the  lower pressures  used i n  the inves t iga t ions ,  as a t  
the higher  pressures  and temperatures, the  r a t e s  were too 
f a s t  t o  be measured (163).  A s  w i l l  be discussed i n  
, the  i g n i t i o n  temperature of Ta i n  O2 l i e s  i n  t h i s  range 
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a t  pressures  on the  order  of 1 atm; thus Kofstad most 
l i k e l y  observed t h e  combustion of Ta. 
r a t e s  w e r e  found a t  extremely high temperatures, s i m i l a r  
t o  t h e  behavior of Z r  and T i  i n  N2. 
t u r e  of the  Ta-N2 system apparently l ies  between 1475OC a t  
1 atm (157) and t h e  melting po in t  of TaN, 305OoC ( 6 ) .  
8OO0C a t  1 atm (157). 
pera ture  over t h a t  i n  pure O2 probably r e s u l t s  from the  
i n h i b i t i o n  of t h e  Ta-O2 reac t ion  by N2. 
N2 i s  a l s o  soluble  i n  Ta  (167,171) and p ro tec t ive  
The t r a n s i t i o n  tempera- 
I n  a i r ,  Ta e x h i b i t s  a purely l i n e a r  r a t e  above 
The r a i s i n g  of t h e  t r a n s i t i o n  t e m -  
10 . Molybdenum 
Oxidation da ta  f o r  Mo i n  O2 and i n  a i r  are re- 
viewed i n  Table 11. The t r a n s i t i o n  temperature i n  the  
former gas appears t o  be a strong' funct ion of pressure,  
changing from 725Oc a t  1 atm (l.77) t o  6OO0C a t  76 t o r r  
(178) .  The r e s u l t s  of Dravnieks (97)  i nd ica t e  t h a t  it may 
again increase a t  l o w e r  p ressures  on the  order  of severa l  
torr. Type ( f )  mechanical stress cracking a t  a c r i t i ca l  
oxide thickness has  been c i t e d  a s  t he  phys ica l  mechanism 
responsible f o r  t he  appearance of the  l i n e a r  r a t e  (1771,  
b u t  the v o l a t i l i t y  of t he  oxide Moo3 may a l s o  p lay  an 
important r o l e  through t h e  mechanism (b) t r a n s i t i o n  ( the  
melting. p o i n t  of t h e  t r i o x i d e  i s  795OC ( 6 ) ) .  
The non-isothermal experiments of Baur e t  a l .  
(36) are discussed i n  Chapter 111. 
In  a i r ,  few da ta  are ava i l ab le ,  and severa l  in- 
ves t iga to r s  neglec t  t o  mention the  pressure  used i n  the i r  
experiments. On t h e  basis of t he  r e s u l t s  of Lustman (183),  
t he  t r a n s i t i o n  temperature of t he  Mo-air system i s  taken 
I w 
aJv 
0 a 0  
Lio 
l a  
m r l  
Llo 
aco 
0 ) -  
M U  
L iL I  
m a ,  
r l w  
a, 
Li 
m 
a, 
Ll a 
U 
a L )  
Ma) 
L lw mw 
r l a ,  
1, 
0 
.rl 
rl 
0 
m 
$4 
Id a 
e 
0 
.rl 
rl 
0 e m 
Li 
(d a 
L) 
*rl 
rl 
0 
P 
td 
1-1 
(d a 
Ll 
(d 
a, 
C 
.rl 
rl 
Ll 
td 
a, 
C 
.rl 
rl 
I-( 
(6 
a, e 
.rl 
rl 
Ll 
(6 
a, e 
.?I 
I-l 
I 
I 
I 
I 
I 
I 
aJ 
e 
0 0  c) c E E  E & 
Ll 
a, a 
C 
.rl 
rl 
h 
L) 
Li 
a, a 
C 
4 
rl 
h 
0 
rl 
4 
0 
w 
rl 
.rl 
0 
U-l 
rl 
*rl 
0 
w 
rl 
-4 
0 
W 
rl 
-rl 
0 
w 
a, 
$4 
.rl 
3 
I-l I-l 
*rl 
0 
W 
I 
I 
I 
I 
I 
I 
.rl 
0 
w 
Ll c 
h 
2 
N 
!-I 
P 
a 
Li s 
2 
m 
rl 
$4 s 
a 
rl 
1-1 
P 
a 
rl 
1-1 c 
a 
$4 
$ 
0 
9 
Ll c 
m 
9 
I 
I 
I 
I 
t 
I 
I 
I 
I 
$4 
$4 
0 
U Ll 
Ll 
0 
U 
1-1 
Ll 
0 
U 
$4 
1-1 
0 
U 
u3 
h 
$4 
$4 
0 
U 
Ll 
Ll 
0 
U 
E 
U m 
E u m 
E 
U m 0 Q 
h 
1 
u3 
IO 
rl 
a 
r. 
I 
\o 
r. 
Q 
h 
r. 
a 
rl 4- 
I 
0 
"! 
rl a 
h 
0 
0 a 
hl 
0 
ln 
8 
0 
r. 
2 
c5 
03 m 
rl 
0 m 
d 
0 m 
0 
0 
i 
0 m 
0 
0 
h 
0 
Ul 
h 
I m 
hl 
h 
0 
0 
r. 
0 m 
c5 
W m 
cn 
I 
ln 
8 
0 m 
a 
0 
0 
0 
rl 
ln m 
In 
I-l 
n 
24 
U 
n n 
r. 
r. 
d 
v 
n 
co 
r. 
rl 
W 
n 
h 
h 
rl 
v 
n 
co 
r. 
rl 
W 
n m 
h 
I-l 
W 
n 
0 
3 
v 
n 
hl co 
d 
W 
n 
m 
00 
I-l 
W 
n 
co 
hl 
U 
n 
h m 
v 
~ 
(286) 
c) 
.rl 
rl 
0 
m 
M m a 
n 
c) 
4 
E 
5 
.rl 
c) 
.rl 
rl 
0 
P m 
L-, 
(d a 
c) 
.rl 
rl 
0 
P m 
L-, 
m a 
u 
.rl 
rl 
0 
P 
cd 
!4 m a 
c) 
.rl 
rl 
0 
m 
L-, 
cd a 
n 
c) 
.rl 
rl 
0 
P m 
L-, 
(d a 
c) 
.rl 
rl 
0 
P m 
$4 
m a 
E 
rl 
4 
0 
w 
8 
I 
I 
$4 
M 
0 
U 
0 
9 
yz 
I 
In 
0 
0 
d 
d 
c: 
0 
l- 
I 
I 
I 
u 
m 
bn 
0 
d 
u 
a c 
d r E E E o E E  E E  I 
E 
E 
$4 
0 
M 
u 
*rl 
E 
24 
c) 
0 
e 
d 
u s 
Y 
U-l 
L-, s 
4 
N 
$4 
J= 
r- 
9 
d 
$4 
$ 
r- 
9 
d 
$4 
5; 
$4 
$ 
c\I 
N 
I 
I 
I 
$4 
)-I 
0 
U 
$4 
L-, 
0 
U 
$4 
$4 
0 
U 
0 
0 
N 
E 
U 
m 
rl 
E 
U 
rc 
E u 
m 
E 
U 
m 
E 
U 
cd 
E 
U 
m 
rl 
E 
U 
m 
0 
0 
N 
rl d rl d 
0 
0 
0 
I 
0 
0 rn 
rl 
0 
0 
4 
rl 
0 
0 
N 
PI 
0 
0 
m 
rl 
0 
0 
2 0 
9 
0 
rl 
0 
0 
N 
rl 
ln 
c\J 
0 
0 
0 
r-l 
d 
0 
0 
rl 
d 
0, 
0 
d 
0 
rl 
d 
I 
0 
0 
hl 
d 
n 
0 cn 
d 
W 
n 
d 
cn 
d 
W 
n 
u3 co 
d 
v 
n 
r- 
oc) 
d 
W 
n co 
03 
4 
W 
n 
oo r- 
rl 
W 
n 
u3 co 
d 
n 
r- co 
rl 
W 
n 
rn co 
rl 
v W 
I 
I 
I 
E E E E E c) r) 
% 
0 
rl 
P 
M 
aJ 
W 
(d 
3 
rl 
*rl 
0 
w 
t 
I 
I 
2 
N 
N 
Ll s 
e 
!4 
,c 
d I 
I 
I 
I 
I 
I 
E 
U 
m 
E 
U 
(d 
E 
U 
m 
0 
CJ 
rl 
E 
U 
(d 
E 
U m 
E 
U m 
E 
U 
(d 
bo 
G 
-A 
rl 
W 
rl 0 
0 e 
I m 
CJ 
rl d rl rl 
0 
0 
0 
rl 
d 
0 m 
0 
0 
N 
rl 
0 
0 
m 
rl 
0 m 
2 
0 
m 
0 
0 
N 
rl 
0 m 
Q 
0 
0 
0 
4 
d 
0 
0 
rl 
d 
0 
rl 
rl 
n 
co 
UJ 
74 
W 
n 
co 
rl 
W 
n m 
co 
rl 
W 
n 
0 m 
rl 
W 
as 595Oc a t  1 atm. 
11. S i l i con  
I n  Table 1 2  some of ,he p e r t i n e n t  o i da t ion  lit- 
e r a t u r e  f o r  S i  i s  presented. I n  O2 protec t ive  ra te  l a w s  are 
observed up t o  the highest , ,  temperature inves t iga ted ,  140OOC. 
Inves t iga t ions  a t  higher  temperatures have most l i k e l y  no t  
been conducted because the  metal m e l t s  a t  142OoC (6) .  On 
the bas i s  of t he  ava i lab le  da ta ,  the t r ans i t i on .  temperature 
of the  S i - O 2  system most l i k e l y  l i e s  between 140OOC and 
161OoC, the  melting po in t  of S i02  (6) .  It i s  poss ib le ,  how- 
ever ,  t h a t  t he  t r a n s i t i o n  temperature l i e s  above the melting 
po in t  of t h e  oxide because of t h e  glassy,  v i t reous  nature  of 
Si02.  
pera ture  l i e s  a t  o r  below 5OO0C (193), bu t  a t  pressures  on 
the  order  of 1 atm it i s  much higher and may also be c lose  
t o  o r  equal t he  melting po in t  of  t he  oxide. 
A t  high pressures i n  H 2 0 ,  the  t r a n s i t i o n  t e m -  
APPENDIX I1 - LITERATURE REVIEW OF CRITICAL AND I G N I T I O N  
TEMPERATURES 
The metal oxidat ion and i g n i t i o n  l i t e r a t u r e s  are 
consulted i n  t h i s  appendix to ,  f i r s t l y ,  estimate and obta in  
l i t e r a t u r e  values of cr i t ical  and i g n i t i o n  temperatures f o r  
those metal-gas systems discussed i n  Appendix I and Chapter 
111, so that  the metal i g n i t i o n  c r i t e r i o n  can be t e s t ed  
by means of the l i t e r a t u r e ,  and secondly, review and compare 
with the present  model o ther  t heo r i e s  of m e t a l  i g n i t i o n  which 
have been presented i n  the l i t e r a t u r e ,  Spec i f ic  discussions 
are given i n  t h i s  appendix: summaries may be found i n  
Chapter IV, 
C r i t i c a l  and i g n i t i o n  temperatures l i s t e d  i n  this 
appendix have been obtained by thermal heat ing,  t h a t  is ,  
e i t h e r  by i n t e r n a l  heat ing (ohmic or induction hea t ing ) ,  
o r  by ex te rna l  hea t ing  i n  a r e s i s t ence  furnace o r  flame. 
Thus o ther  energy sources for i g n i t i o n  such as sparks and 
f r i c t i o n  are no t  considered, as i s  also the case f o r  sam- 
ples broken i n  to r s ion ,  and so for th .  Experiments of t h i s  
l a t t e r  type are no t  r ead i ly  in te rpre ted  i n  t e r m s  of the 
model of m e t a l  i g n i t i o n  as developed i n  the present  
report, 
The reader is re fe r r ed  t o  R e f .  ( l o ) ,  (198), 
and (199) f o r  d e t a i l s  on these other  methods of i gn i t i on .  
In  p a r t i c u l a r  Bahn (198) i n  h i s  study of p a r t i c l e  i g n i t i o n  
included cases of mechanically induced i g n i t i o n ,  i g n i t i o n  
of metalsl o ther  than those considered here ,  i g n i t i o n  of  
a l loys ,  and i g n i t i o n  of non-metals. For O2 as the oxidizer ,  
White and Ward (199) a l s o  have given a more general  review 
of  the m e t a l  i g n i t i o n  l i t e r a t u r e .  
and applied hea t ing  r a t e  w i l l  i n  general  n o t  be noted. 
reader i s  r e fe r r ed  t o  the  individual  references f o r  this 
information. The applied heat ing ra te  v a r i e s  over orders 
of magnitude from experiment t o  experiment, and only i n  those 
cases i n  which a p a r t i c u l a r  i nves t iga to r  s tudied the effect  
of  the v a r i a t i o n  of  this parameter w i l l  it be mentioned. 
I n  t h i s  appendix, the method of  thermal heat ing 
The 
I n  Chapter I11 t h e  t r a n s i t i o n  temperature was 
shown t o  be r e l a t i v e l y  independent of sample sur face  pre- 
parat ion;  thus t h i s  d e t a i l  of the  individual  experiments 
w i l l  i n  general  be omitted here. 
most l i k e l y  an important parameter i n  ign i t i on ,  because i n  
many cases  it is no t  given by the  inves t iga tor ,  it a l s o  w i l l  
no t  be considered except i n  i so l a t ed  cases. Thus the main 
experimental independent var iab les  of  i n t e r e s t  i n  t h e  pre- 
s e n t  appendix ( for  a given metal-oxidizer s y s t e m )  are ox- 
i d i z e r  pressure,  sample s i z e ,  and sample condition. By the 
l a t t e r  is meant a dispers ion of p a r t i c l e s ,  a bulk o r  m a s s -  
i ve  sample, and so for th .  
Although sample p u r i t y  is 
1. Magnesium 
a. C r i t i c a l  Temperatures 
The c r i t i c a l  temperature is most f requent ly  
indicated i n  the  l i t e r a t u r e  as a spontaneous i g n i t i o n  
temperature, Q u i t e  o f t e n  i g n i t i o n  delay t i m e s  are not  
given. ( R e c a l l  t h a t  f o r  zero i g n i t i o n  delay t i m e ,  the  
i n i t i a l  sample temperature equals the  i g n i t i o n  tempera- 
ture.)  The c r i t i ca l  temperature i s  estimated where 
poss ib le  as  the  asymptotic i n i t i a l  sample temperature 
with i n f i n i t e  i g n i t i o n  delay t h e .  The c r i t i c a l  t e m -  
pera ture  i s  thought t o  be a s t rong function of sample 
s i ze ,  experimental environment, and p a s t  h i s t o r y  of 
the  sample i n  t h a t  it may depend on the  thickness  of 
oxide present  on the  m e t a l  surface (see Chapter 11). 
C r i t i c a l  temperatures f o r  Mg have been ex- 
tremely w e l l  documented. In  Fig. 8, sample i n i t i a l  
temperature is  p l o t t e d  versus i g n i t i o n  delay t i m e  fo r  
bulk Mg with S/V of e i t h e r  0.579 o r  1.23 mm'l i n  O2 
or  a i r  a t  1 atm (201,2118212). The asymptotic c r i t i -  
cal  temperature f o r  Mg i n  t h i s  s i z e  range and i n  these 
oxid izers  a t  1 atm is  seen t o  equal about 575 o r  58OoC, 
i n  the  l i t e ra ture ,  Gregg and Jepson (38) noted d i f f i -  
c u l t i e s  with spontaneous i g n i t i o n  i n  t h e i r  oxidat ion 
experiments with Mg f o i l  i n  flowing O2 a t  575OC. 
Leontis and Rhines (40) observed t h a t  self-heat ing 
e f f e c t s  are important i n  the range 575-600°C fo r  bulk 
Mg, S/V = 0.304 mm-', i n  O2 a t  1 atm. A Mg sample i n  
a i r  a t  6OO0C o r  higher  temperature w i l l  se l f -hea t  and 
i g n i t e ,  according to  Adda (74). F ina l ly ,  Darras and 
Supplementary da t a  a l s o  have been mentioned 
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co-workers (211)  gave spontaneous i g n i t i o n  tempera- 
t u re s  of bulk Mg i n  a i r  a t  1 atm as 615OC ( i g n i t i o n  
a t  645OC) and i n  C02 a t  15 atm a s  79OoC ( ign i t i on  a t  
92OoC) ,where the  observed i g n i t i o n  delay t i m e s  w e r e  
l e s s  than 4 hr .  
On the b a s i s  of the l i t e r a t u r e ,  one may con- 
clude tihat a reasonably well-defined c r i t i c a l  tempera- 
t u r e  e x i s t s  fo r  bulk Mg i n  O2 o r  a i r  a t  1 atm, and i s  
on the order  of 575OC f o r  samples with surface t o  volume 
r a t i o s  of about 0.1 t o  1.0 mm-'. 
temperature a t  t h i s  pressure  (on the order  of 45O0c8 
see Table 13) i s  lower than t h i s  c r i t i c a l  temperature, 
one may fu r the r  conclude t h a t  the ign i t i on  of bulk Mg 
i n  O2 o r  i n  a i r  w i l l  be cont ro l led  by the  c r i t i c a l  t e m -  
perature ,  t h a t  is, the i g n i t i o n  temperature w i l l  be 
g rea t e r  than o r  equal t o  575OC. 
e t  a l ,  (211)  ind ica te  t h a t  the  i g n i t i o n  of l a rge  Mg 
samples i n  15 atm of C02 is a l s o  cont ro l led  by the 
c r i t i c a l  temperature, as the t r a n s i t i o n  temperature 
equals a t  l e a s t  55OoC. 
Since the t r a n s i t i o n  
The r e s u l t s  of Darras 
b. Ign i t ion  Tempe-ratures 
A l l  Mg i g n i t i o n  temperatures obtained from 
the l i t e r a t u r e  survey a r e  shown i n  Table 14 and i n  Fig. 
9 and lo, corre la ted  with respect  t o  oxidizer ,  s i z e ,  
ox id izer  pressure,  and sample condition. A s  has been 
mentioned, surface treatment p r i o r  t o  experimentation, 
sample pu r i ty ,  and appl ied hea t ing  r a t e  have been 
neglected f o r  the purpose of the  t ab le  and f igures .  
The sample condi t ion nomenclature which is  used i s  a s  
follows: DD ind ica tes  a dus t  dispersed i n  the  gas of 
TABLE 14. 
LITERATURE IGNITION TEMPERATURES FOR MAGNESIUM 
Stated Gas 
Size Pres sure 
N10 g 1 atm 
0.579 mol 126 torr 
178 
277 
319 
44 1 
486 
523 
1.0 atm 
1.865 
2.75 
3.9 
4.25 
5.6 
5.95 
7.68 
7.95 
9.35 
10.0 
flowing 
6.7 atm 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm 
1 atm? 
1 atm? 
Sample Ign i t ion 
C ond i t ion Temperature, C 0 
B l  623 
B 645 
635 
628 
623 
623 
6 24 
622 
623 
630 
631 
633 
645 
643 
64 8 
642 
643 
64 7 
639 
B 64 9 
B 591 
QP2 575 
QP 55 0 
QP 520 
QP 530 
DD3 520 
DD 5 10 
QP 563 
QP 5 10 
QP 47 8 
(295) 
- T&BLE 14 (Concluded), 
Stated 
Reference Size 
(37 1 53-62p 
(206) 40-66F 
(207 1 4 74p 
(203) 4 7 4 p  
(203) < 149p 
(210) <44p 
(203) 4 5 3 p  
4 7 4 p  
(204) < 149/L<. 
Carbon Dioxide 
-1 (211),(212) 1.23 mm 
Gas 
Pres sur e 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
flowing 
1 atm? 
1 atm? 
1 atm? 
1 atm 
15 atm 
11 atm 
flowing 
flowing 
Sample 
Condition 
QP 
DD 
DD 
DD 
QP 
QP 
QP 
DD 
QP 
QP 
QP 
QP 
B 
B 
B 
B 
Ignition 
Temperature, C 
470-500 
551 
520 
620 
490 
6 13 
5 17 
520 
749 
630 
6 00 
630 
880 
920 
642 
>700 
635 
B denotes a bulk or massive sample. 1 
QP denotes a quiescent pile experiment. 2 
3DD denotes a dust dispersion experiment. 
i n t e r e s t ;  QP ind ica t e s  a quiescent  p i l e  of  powder; B 
i n d i c a t e s  a bulk,  massive sample; and SP ind ica t e s  a 
s i n g l e  p a r t i c l e  dropped i n t o  the  oxidizing gas, A l -  
thoug'h it is  not  expected a p r i o r i  t h a t  c o r r e l a t i o n s  
e x i s t  between the  var ious sample configurat ions,  it is  
hoped t h a t  d a t a  f o r  each would be se l f -cons is ten t ,  
Wherever poss ib l e ,  some s i z e s  i n  the  table and a l l  s i z e s  
i n  the  f igu res  a r e  expressed i n  terms of  the  sur face  
area t o  volume rat io ,  i n  u n i t s  of rec iproca l  m i l l i -  
meters. 
One notes  from Table 14 t h a t  i n  general  t he  
measured i g n i t i o n  temperatures decrease with decreasing 
sample s i ze .  However, it must be remembered t h a t  i n  
SP and DD experiments i n  which the  p a r t i c l e  o r  p a r t i c l e s  
a r e  dropped through the  oxid iz ing  gas, the  temperature 
which i s  quoted i s  the  temperature of the  gas, Thus, 
i f  sample se l f -hea t ing  w e r e  important i n  these  types 
of experiments, it could not  be diagnosed, and the  re- 
ported i g n i t i o n  temperature may a c t u a l l y  be i n  many 
cases a c r i t i c a l  temperature. (See Sections 4 and 5 f o r  
a discussion of t h i s  e f f e c t  i n  SP experiments.) 
DD experiments are expected to  give somewhat 
lower i g n i t i o n  temperatures than SP experiments because 
of r ad ia t ion  h e a t  t r a n s f e r  wi th in  the  cloud of p a r t i c l e s .  
Ef fec t ive ly ,  because of t h i s  r ad ia t ion  h e a t  t r a n s f e r  
between p a r t i c l e s  i n  d u s t  d i spers ion  experiments and 
because of the  lack  of it i n  s ing le  p a r t i c l e  experiments, 
the  c r i t i ca l  temperature is  lower i n  the  former experi- 
ment than i n  the  la t te r .  
A l s o ,  one would expect t h a t  QP experiments 
would revea l  lower i g n i t i o n  temperatures than DD exper- 
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iments. In  the p a r t i c u l a r  geometry of the former case,  
low c r i t i c a l  temperatures w i l l  be encountered because 
of the high surface a rea  ava i lab le  f o r  chemical re- 
ac t ion  compared t o  the  low surface area ava i lab le  for  
hea t  l o s s  t o  t he  surroundings. Furthermore, the S/V 
r a t i o  is extremely l a rge  when averaged over the e n t i r e  
p a r t i c l e  configurat ion.  
the reported ign i t i on  temperatures a r e  g rea t e r  than the 
appropriate  t r a n s i t i o n  temperatures fo r  a l l  the  oxidiz- 
ing gases given i n  Table 13. The la rge  discrepancy 
between these temperatures i n  a l l  the  oxidizing gases 
l i s t e d  ind ica tes  t h a t  the c r i t i c a l  temperature may con- 
t r o l  i n  a l l  cases  i n  the i g n i t i o n  of Mg, t h a t  is, the 
c r i t i c a l  temperature i s  g rea t e r  than the t r a n s i t i o n  
temperature. This conclusion has a l ready been drawn i n  
Section 1.a above f o r  the case of bulk Mg' samples i n  
O2 o r  a i r  a t  1 atm and i n  C 0 2  a t  15  atm, 
Mg i n  a i r ,  lower i g n i t i o n  temperatures a re  measured i n  
QP experiments than i n  DD experiments. 
Table 14 o r  Fig. 9 o r  10, Schnizlein e t  a l ,  (85) noted 
t h a t  bulk Mg i g n i t e s  i n  O2 " j u s t  below the (metal) 
melting point"  and i n  C02  above 75OoC. H i l l  e t  a l ,  (213)  
could not  i g n i t e  massive Mg of S/V = 0,736 mm" i n  an a i r  
wind tunnel with a Mach number of 5.2 and s tagnat ion  
temperature of 332OC, even i f  the  sample was preheated 
t o  62OoC. Final ly ,  on the b a s i s  of a nuclear  reac tor  
accident ,  Salesse (51) concluded t h a t  the Mg i g n i t i o n  
temperature i n  10 atm of C 0 2  i s  g rea t e r  than 8OO0C. 
of these da ta  a r e  cons is ten t  with the o ther  l i t e r a t u r e  
As can be seen from the t ab le  and f igures ,  a l l  
Furthermore, it is  seen t h a t  i n  the  case of 
Cer ta in  q u a l i t a t i v e  da ta  a r e  n o t  shown i n  
A l l  
c i t e d  i n  t h i s  section. 
I n  the  SP experiments of Cassel and Liebman 
(215,217), the  r e s u l t s  of which are shown i n  Fig. 9 and 
l o ,  an anomalous t rend  i s  observed: the  i g n i t i o n  tempera- 
t u r e  increases  with decreasing sample s ize .  These 
authors  have explained t h e i r  r e s u l t s  i n  the  following 
manner (217): from the  classical  theory of i g n i t i o n  f o r  
homogeneous systems, a t  i g n i t i o n  1 
(A2- 1 ) 
(A2-2 )  
where a s  before ,  kchem is  the  ra te  of generat ion of h e a t  
by the  chemical reac t ion  per  u n i t  area,  Gloss i s  the  
r a t e  of h e a t  l o s s  from the  system per  u n i t  area, Ts i s  
the  surface temperature of t he  p a r t i c l e ,  and Tign i s  the  
i g n i t i o n  temperature. The thermal conduct ivi ty  of the  
gas, kg, is  assumed much smaller than t h a t  of the  metal, 
and thus,  neglect ing convection and rad ia t ion ,  QloSs may 
be wr i t ten :  
(A2-3) 
where T i s  the  gas temperature and r i s  the  rad ius  of 
the  p a r t i c l e ,  
9 
Because their  experimental r e s u l t s  in- 
~ ~~ 
’The authors  a c t u a l l y  use only Eqn. (A2-2 )  i n  the  subse- 
quent der ivat ion.  
e r a t u r e  is equivalent  t o  t h a t  of the  present  invest iga-  
t i on ,  I f  both Eqn. ( A 2 - 1 )  and(A2-2) a r e  s a t i s f i e d  simul- 
taneously, t he  i g n i t i o n  l i m i t  r a t h e r  than igr i i t ion t e m -  
pera ture  i s  defined (23) .  
Thus t h e i r  d e f i n i t i o n  of i g n i t i o n  temp- 
dica ted  t h a t  the  experiments w e r e  performed i n  the  chem- 
i c a l l y  cont ro l led  regime, QChem may be approximated: 
(A 2-4) 
i s  the  molar h e a t  of reac t ion ,  cf and c 
the  concentrations of f u e l  and gas a t  t he  surface,  re- 
spec t ive ly ,  A is  t h e  pre-expo-.ential f ac to r ,  E i s  the  
a c t i v a t i o n  energy, alid R is the  universa l  gas  constant. 
i n t o  Eqn. (A2-2)  and two p a r t i c l e  s i z e s  are considered, 
Eqn. (A2-5) r e s u l t s :  
are 
4 
where Qchem 
When Eqn. (A2-3) and (A2-4) are s u b s t i t u t e d  
2 
Making the  approximation 
Eqn. (A2-5) may be wr i t ten :  
(A2 '- 6 ) 
(A2-7)  
which explains  the  observed t rend,  t h a t  smaller p a r t i c l e s  
i g n i t e  a t  a higher  temperature than l a r g e r  p a r t i c l e s .  3 
2Cassel and Liebman included a r a t i o  of thermal conduc- 
t i v i e s  i n  t h i s  expression so t h a t  i t s  inf luence on the  
i g n i t i o n  temperature of a s ing le  p a r t i c l e  could be ex- 
amined. 
i s  always expected to  be much smaller  than E/2R. 3 Tign, 2 
To the  b e s t  of the au tho r ' s  knowledge, these 
da ta  a r e  the  only da ta  which demonstrate t h i s  t rend of 
i g n i t i o n  temperature with p a r t i c l e  s i z e ,  f o r  a l l  of the 
metals t o  be considered i n  t h i s  appendix. The theore t i -  
c a l  agreement w i t h  the  t rend obtained by Cassel and 
Liebman r e s u l t s  from the p a r t i c u l a r  choice of Eqn. 
(A2-3) a s  the  h e a t  l o s s  term; t h i s  choice i s  discussed 
i n  comparision w i t h  o ther  t heo r i e s  i n  Chapter IV. 
The experimental r e s u l t s  may poss ib ly  be ex- 
plained i n  the  following manner: i f  the condi t ions of 
Cassel and Liebman's experiments w e r e  such t h a t  igni-  
t i o n  temperatures w e r e  measured a t  the i g n i t i o n  l i m i t  
(23), which i s  defined by the equations: 
( A 2 - 9 )  
= =T4),;m F%t??/ 5 = 3y1, /iM 3 
then it is  poss ib le  t h a t  the reverse  s i z e  t rend could 
be obtained. Assume t h a t  Qloss can be separated i n t o  
a s i z e  dependent and a s i z e  independent term: 
where f ( r )  i s  some funct ion of sample s i z e ,  and a(Ts)  
and b ( T s )  a r e  funct ions of temperature (and the o ther  
parameters involved i n  Eqn, (11-45) and a r e  independent 
of sample s ize .  Then Eqn. (A2-8) and (A2-9)  may be 
w r i t t e n  : 
where a s  before  fi is the  molar reac t ion  rate and Qchem 
is  the  chemical energy release, 
f o r  the  purposes of t h i s  discussion tha t  Qchem may be 
approximated a s  temperature independent, which i s  a 
good assumption a t  the  low temperatures associated 
with the  i g n i t i o n  phenomenon. Since 
It has been assumed 
- E / q  f i = A e  (A2-13) 
where a l l  symbols have their  previous meanings, Eqn, 
( A 2 - 1 1 )  and ( A 2 - 1 2 )  become 
(A2-14) 
Combining Eqn, (A2-14) and (A2-15), one obtains:  
(A2-16) 
and it i s  possible  t h a t  the  s i z e  dependence ind ica ted  by 
Eqn, (A2-16) fo r  the  i g n i t i o n  l i m i t  i s  the  opposite of 
t h a t  ind ica ted  by Eqn, ( A 2 - 1 2 )  f o r  the  i g n i t i o n  tempera- 
t u r e .  Unfortunately,  only knowledge of the numerical 
values involved i n  these  equations would confirm o r  negate 
t h i s  hypothesis.  
assumed t h a t  a (Ts )  = 0, and thus Eqn. (42-16) becomes: 
In  their  s impl i f ied  theory,  C a s s e l  and Liebman 
ah- @2 -17) E -mi2 n, I;* b = 2Ts 9 
and the  i g n i t i o n  l i m i t  i s  independent of sample s i ze ,  
Al te rna t ive ly ,  i n  an experiment i n  which t h e  m e t a l  
sample i s  heated uniformly, the  s i z e  e f f e c t  r e s u l t i n g  from 
the  conduction l o s s  t o  the  i n t e r i o r  of the sample w i l l  be 
unimportant. I f  t h i s  w e r e  the  case i n  the  experiments of 
Cassel and Liebman, then the  s i z e  dependence of i g n i t i o n  
temperature predicted by Eqn. b2-3) could be observed. 
The dependence of i g n i t i o n  temperature on experimental en- 
vironment i n  general  i s  demonstrated here. 
Experimental r e s u l t s  on the  i g n i t i o n  of Mg ribbons,  
obtained a t  Princeton by Brzustowski ( 7 , 9 )  and by Mellor 
(19,20),  a r e  reviewed i n  Chapter V I  i n  order t o  f a c i l -  
i t a t e  comparison with the  observations of the  present  in-  
ves t iga t ion .  
2 .  Lithium 
No c r i t i ca l  o r  spontaneous i g n i t i o n  temperatures 
have been reported i n  the  l i t e r a t u r e  f o r  L i .  
mention of a p o s s i b i l i t y  of sample self-heat ing is  by 
Chandrasekharaiah and Margrave (54) i n  the  n i t r i d a t i o n  
of L i  f o i l  i n  t he  pressure range 110-220 t o r r  and the  t e m -  
pera ture  range 239-310°C. 
pera ture  may l i e  a t  or  below 239OC f o r  samples with l a r g e  
S/V r a t i o s ,  No estimate of the  t r a n s i t i o n  temperature 
f o r  t h i s  system has  been made, and thus no predic t ions  
regarding the  Li-AT2 i g n i t i o n  can be made. 
L i t e r a t u r e  i g n i t i o n  temperatures fo r  L i  are 
shown i n  Table 15. Because only the  t r a n s i t i o n  tempera- 
t u r e  f o r  the  L i - H 2 0  system and the  c r i t i ca l  temperature 
f o r  t he  L i - N 2  system have been est imated,  few conclu- 
The only 
Thus the  L i - N 2  c r i t i ca l  t e m -  
(305) 
TABLE 15. 
LITERATURE IGNITION TEMPERATURES FOR LITHIUM 
I g n i t i o n  
0 
S t a t e d  Gas Sample 
Refe rence  S i z e  P r e s s u r e  C o n d i t i o n  Tempera ture ,  C 
Oxygen 
(196),(200) nrl0 g 1 a t m  B 
N i t r o g e n  
(210) r: l o o p  f l o w i n g  QP 
(219) 125- 1 4 9 p  1 a t m ?  QP 
(209) 4 1 0 0 )  1 a t m  QP 
(210) 4100p f l o w i n g  QP 
A i r  -
Carbon Diox ide  
190 
399 
17 0 
374 
330 
s ions  may be drawn concerning the i g n i t i o n  of L i .  As can 
be seen from Table 15, l i t t l e  information is  ava i l ab le  
on the  s i z e  e f f e c t  i n  L i  i gn i t i on .  Not shown i n  the  table 
i s  the  Li -02  i g n i t i o n  temperature of 630°C given by Tyzack 
and Longton, quoted by Ref, (54), which is  i n  complete 
disagreement with the  r e s u l t  of Conway e t  a l .  (196,200).  
The extension o f  t he  metal i g n i t i o n  c r i t e r i o n  
t o  the a l k a l i  and a lka l ine  e a r t h  m e t a l s  w i l l  be discussed 
a t  the  end of Section 3. 
3 .  Calcium 
Like L i ,  few inves t iga to r s  have s tudied  the  
oxidat ion and i g n i t i o n  of Ca, Consequently, only two 
references t o  se l f -hea t ing  i n  oxidat ion or i g n i t i o n  
experiments have been found. 
the  temperature range 350 t o  425 C (54), and i n  O2 
(probably a t  1 atm) i n  t h e  range 300 to  5OO0C ( 2 2 ) ,  
sample self-heat ing has been noted as poss ib le  i n  
oxidat ion experiments. The t r a n s i t i o n  temperature f o r  
the  Ca-02 system has been estimated as 4OO0C i n  t h e  
pressure range 100-760 t o r r  (Table 13) . In  s p i t e  of 
the  s c a r c i t y  of da t a  on the  c r i t i c a l  temperature, how- 
ever ,  because it is  apparently less than the  t r a n s i t i o n  
temperature, it may be concluded t h a t  the  l a t te r  con t ro l s  
i n  Ca-02 ign i t ion .  Experimental s tud ie s  performed i n  the  
present  i nves t iga t ion  shed more l i g h t  on t h i s  con- 
c lusion;  see Chapter VII. 
temperature of massive Ca i n  o 
which is  above the  t r a n s i t i o n  temperature and appar- 
e n t l y  above the  c r i t i ca l  temperature; thus the  m e t a l  
i g n i t i o n  c r i t e r i o n  is s a t i s f i e d  i n  t h i s  case. The only 
conclusion t h a t  can be drawn from the  remainder of t he  
da ta  shown i n  the t a b l e  i s  t h a t  t he  expected s i z e  e f f e c t  
i s  demonstrated i n  a i r  (209, 220) (. 
Throughout the  sec t ions  on the  oxidat ion and 
i g n i t i o n  of L i  and Ca i n  t h i s  and the  previous chapter,  
t he  pauci ty  of experimental r e s u l t s  has been lamented. 
I n  the  case of the  o the r  a l k a l i  and a l k a l i n e  e a r t h  metals,  
the  s i tua t i 'on  i s  worse. Thus it is of i n t e r e s t  t o  gen- 
e r a l i z e  f o r  the  igmition of these o t h e r  m e t a l s  on the  
b a s i s  of the  da t a  on Mg', L i ,  and C a  reviewed here.  
P i l l i n g  and Bedworth r a t i o s  less than un i ty  (6) .4 A s  
has  been discussed i n  appendix I , however, the  oxide 
I n  100-200 torr  of O2 i n  
0 
I n  Table 16 it is  noted t h a t  the  i g n i t i o n  
2 i s  55OoC (196, 200, 2 2 1 ,  
Most of the  oxides formed by these m e t a l s  have 
*Be does no t  f a l l  i n  t h i s  category, and i ts  i q n i t i o n  
w i l l  be discussed i n  Section 5 of t h i s  appendix- 
TABLE 16. 
LITERATURE IGNITION TEMPERATURES FOR CALCIUM 
Reference 
Ignit ion 
0 
Stated Gas Sample 
Size Pressure Condition Temperature, C 
rVl0 g 1 atm B 550 --- 1 atm? B 550 
44y flowing QP 
444% 1 atm 
1 
0.227-0.25 mmnl flowing 
Carbon Dioxide 
(210) “ 4 4 p  
QP 
B 
327 
360 
67 1 
229 
7 30 
flowing QP 293 
f i lms for Mg and Ca a r e  pro tec t ive  a t  low temperature and 
become non-protective a t  higher  temperature through 
mechanism ( f )  mechanical s t r e s s  cracking a t  a c r i t i c a l  
oxide thickness. Most l i k e l y  a s i m i l a r  mechanism w i l l  
occur f o r  the o ther  a l k a l i  and a lka l ine  e a r t h  metals,  
and thus t h e i r  oxides a r e  expected t o  a l s o  become non- 
pro tec t ive  a t  temperatures low compared with the melting 
poin t  of t h e i r  oxides,  b u t  above room temperature. (Re- 
c a l l  t h a t  t r a n s i t i o n s  due t o  mechanism (b) ,  which occur 
a t  the oxide melting point ,  give an upper l i m i t  on the 
t r a n s i t i o n  temperature.) Consequently, the i g n i t i o n  
temperatures of the  a l k a l i  and a lka l ine  e a r t h  metals are 
expected t o  be l o w  compared with the  melting po in t  of 
t h e i r  oxides. 
4. Aluminum 
Friedman and Macek (15,16) have concluded 
tha t  the i g n i t i o n  temperature of A1 p a r t i c l e s  i s  equal 
t o  the melting p o i n t  of A1203. They found a decrease 
i n  minimum ambient temperature required f o r  i g n i t i o n  
w i t h  increasing O2 p a r t i a l  pressure i n  SP experiments 
(S/V = 1 7 1  mm"'), b u t  a t t r i b u t e d  t h i s  phenomenon t o  
sample self-heat ing;  t h a t  is ,  the c r i t i c a l  temperature 
i s  below the melting po in t  of the oxide. (See Section 
12.e f o r  f u r t h e r  discussion of t h i s  r e su l t . )  
shown i n  Table 17. For the  var ious p a r t i c l e  experiments, 
the  t rends  expected on the basis of the r e l a t i v e  cr i t i -  
ca l  temperatures a r e  observed: high i g n i t i o n  tempera- 
t u r e s  are obtained i n  s i n g l e  p a r t i c l e  (SP) experiments, 
medium i g n i t i o n  temperatures i n  dus t  d i spers ion  (DD) 
experiments, and low i g n i t i o n  temperatures i n  quies- 
c e n t  p i l e  (QP) experiments, In  a given type of experi-  
ment, the i g n i t i o n  temperature decreases with decreas- 
ing  p a r t i c l e  s i ze ,  
I n  the bulk experiments i n  02, i g n i t i o n  t e m -  
pera tures  of 203OoC (the melting po in t  of A1203) 
(17,18) and g r e a t e r  than 1000°C (196,200) have been 
reported,  A l s o ,  i n  SP experiments i n  var ious oxidiz- 
ing gases, A1 i g n i t i o n  temperatures of 203OoC (15,16) 
and g r e a t e r  than 140OoC (2158223) have been given. On 
t h e  basis of these experiments (B and SP) i n  which the 
appropriate  c r i t i ca l  temperature w i l l  not  be low a s  a 
Reported i g n i t i o n  temperatures f o r  A1 are 
5 
'In an earlier paper (21) , the  present  author erroneously 
quoted Conway and co-workers as giving an i g n i t i o n  t e m -  
pera ture  ofor A1 i n  O2 as 1000°C, rather than a s  g r e a t e r  
than 1000 C. This mistake r e su l t ed  f r o m  a typographical 
e r r o r  i n  Table V I  of R e f .  (196). 
TABLE 17. 
LITERATURE IGNITION TEMPERATURES FOR ALUMINUM 
Stated 
Reference Size 
( 2 1 5 ) ,  ( 2 2 3 )  l 5 0 p  
(209)  3x10 mrn 
5 -1 
Gas Sample Ignition 
Pres sur e Condition Temperature, C 
1 atm? DD 663 
1 atm? QP 590 
> 1400 1 1 atm? SP? 
0.067-66.7 atm B 2030 
1 atm 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm? 
1 atm 
1 atm? 
1 atm? 
1 atm? 
B 
QP 
QP 
QP 
DD 
DD 
QP 
DD 
QP 
DD 
QP 
SP? 
QP 
QP 
DD 
QP 
71000 
750 
800 
7 25 
645 
65 0 
760 
900 
645 
490 
67 3 
5 85 
> 1400 
538 
900 
1600 
540 
TABLE 1 7 ,  (concluded) 
S t a t e d  
S ize  
4 1 4 9 ~  
3- 2 0 0 ~  
-1 2x1~95  mm 
760 rnrn-l 
--- 
e.). 
3- 200p 
-1 7.8 rnm 
Miscellaneous 
Natura l  g a s / a i r  Flame 
(225 1 L 4 4 F  
C3H8/air Flame 
(15) 171 mm”’ 
C O / a i r  Flame 
(16) 1 7 1  mW1 
--(I (221) 
Gas 
Pres s u r e  
1 a t m ?  
1 a t m ?  
flowing 
CIL 
1 a t m ?  
1 atm? 
I.-. 
flowing 
flowing 
flowing 
1 a t m ?  
Sample 
Condition 
QP 
QP 
QP 
QP 
DD 
DD 
QP 
B 
SP 
SP 
SP 
DD 
0 
I g n i t i o n  
Temperature, C 
655 
1030 
390 
390 
1170 
None 
1130 
41427 
AJ I500 
2030 
2030 
820 
‘SP denotes a s i n g l e  p a r t i c l e  experiment, 
r e s u l t  of  cooperative h e a t  t r a n s f e r  between p a r t i c l e s  
(as  i n  DD and QP experiments),  it is  concluded t h a t  t h e  
i g n i t i o n  temperature of A 1  i s  equal t o  the  melting 
poin t  of A1203, 203OoC ( 6 ) .  
111, the t r a n s i t i o n  temperature i s  also thought t o  be 
the  melting po in t  of the oxide (mechanism (b) )  . T h i s  
conclusion i s  reached because the  i g n i t i o n  temperature 
of  A1 i s  independent of sample s i z e  over such a l a r g e  
range, 7.8 t o  1 7 1  mm-l (15 - 18), t h a t  i s ,  the igni-  
t i o n  temperature i s  apparently cont ro l led  by t h e  t ran-  
s i t i o n  temperature, which is  independent of s i z e .  Re-  
c a l l  t h a t  no evidence tha t  the t r a n s i t i o n  temperature 
i s  less than the melting po in t  of A1203 is  ava i l ab le  
i n  the oxidat ion l i t e r a t u r e ,  
A s  w a s  mentioned i n  Chapter 
The i g n i t i o n  temperatures which a r e  b e l o w  
the oxide melting poin t  measured i n  QP and DD experiments 
a r e  thus thought t o  a c t u a l l y  be c r i t i ca l  temperatures. 
A s  has been mentioned previously,  sample self-heat ing i n  
these experiments is  d i f f i c u l t  t o  observe. 
A 1  b e l o w  the m e t a l  melting po in t  i n  02, C 0 2 ,  o r  50%O2-50%CO2 
a t  high pressures  (194,213) ; these r e s u l t s  are cons i s t en t  
with the  conclusions reached here. 
Two inves t iga to r s  w e r e  unable t o  i g n i t e  bulk 
The l o w e r  i g n i t i o n  temperature of bulk A 1  i n  
H 2 0  probably r e s u l t s  from a lower t r a n s i t i o n  temperature 
of the f i l m  formed. No conclusions can be reached f o r  
the A1-N2 system, as no t r a n s i t i o n  temperature can be 
estimated . 
Kuehl (17 ,18)  found t h a t  the i g n i t i o n  tempera- 
t u r e  of bulk A 1  i n  0 2 - A r  mixtures decreases with de- 
creasing pressure b e l o w  an oxygen p a r t i a l  pressure of 
about 50 torr ,  A t  pressures  on the  order  of 5 to r r ,  t he  
i g n i t i o n  temperatures w e r e  as low as 145OoC. 
pos tu la ted  t h a t  a t  these  pressures  a th inner  oxide 
coa t  forms during the  hea t ing  t i m e ;  t h i s  coa t  i s  then 
not  p ro tec t ive  t o  i t s  melting poin t ,  The r e s u l t s  of 
Kuehl are discussed f u r t h e r  i n  Chapter V I ,  i n  com- 
par ison with the  r e s u l t s  of Brzustowski (789) and of  
Mellor (19 8 20) . 
It w a s  
5. B e r y l l i u m  
The only mention of B e  self-heat ing i n  t he  
l i t e r a t u r e  is  by Macek e t  a l ,  (226),  whose r e s u l t s  are 
shown i n  Table 18. In  an ammonium perchlora te / t r i -  
oxymethylene flame, they observed t h a t  the  i g n i t i o n  
temperature of B e  approached the  melting p o i n t  of B e 0  
(253OOC ( 6 ) )  as the  0 p a r t i a l  pressure was decreased. 
I n  fact ,  as the  O2 p a r t i a l  pressure w a s  decreased from 
2 t o  0.1 atm, the  i g n i t i o n  temperature increased from 
2100 t o  2377OC. These authors suggested ( s imi l a r  t o  
the  case of A l ,  see Section 4) that  t h i s  apparent de- 
crease i n  the  i g n i t i o n  temperature i s  a r e s u l t  of the  
B e  p a r t i c l e  temperature r i s i n g  spontaneously above the  
ambient temperature t o  the  melting po in t  of BeO, due 
t o  increased reac t ion  rates a t  the higher O2 pressures.  
Thus the  value of 210OOC measured a t  2 atm of O2 i s  
a c t u a l l y  a c r i t i c a l  temperature, 
temperature of bulk B e  i n  66.7 atm of O2 is  equal t o  
the  melting p o i n t  of t h e  oxide. 
the  i g n i t i o n  temperature i s  l o w e r  i f  H 2 0  i s  present  
2 
Kuehl reached the  conclusion t h a t  the i g n i t i o n  
A s  i s  the  case f o r  Al, 
(18) 
Therefore, the  i g n i t i o n  of B e  i s  thought t o  
be s t r i c t l y  analogous t o  the  i g n i t i o n  of A1 i n  02-con- 
TABLE 18, 
LITERATURE IGNITION TEMPERATURES FOR BERYLLIUM 
Stated Gas Sample Ignition 
Size Pres sur e Condition Temperature, C 
4 0. lp 1 atm QP 
4 37p 1 atm? QP 
500-2000p 1 atm? QP 
6000 mgl 1 atm? DD 
QP 
20 
635 
7 80 
910 
54 0 
Miscel lane ous 
Ammonium perchlorateltrioxymethylene Flame (0 
(226) 158 ma’ 0,l atm SP 2377 
partial pressure listed) 2 
2 atm 2100 
H /O Flame, O2 rfch 2 2  
4 44fi flawing DD > 2000 
taining gases. The ignition temperature is equal to 
the transition temperature, which results from mechanism 
(b), melting of the appropriate oxide. The critical 
temperature is below this value, 
6 ,  Uranium 
a. Critical Temperatures 
A graph of initial sample temperature versus 
ignition delay time is shown in Fig, 11 for bulk U in 
314 
0- 
e 
e 
a I 1 0 
-0 0 0 0 d- (D 
d- Fc) cu Ln 0 (D 
FIGURE l l  
a i r  a t  1 atm. The da ta  a re  taken from Ref. (212). A l -  
though there  i s  considerable scatter i n  the data ,  it 
i s  apparent t h a t  a c r i t i c a l  temperature e x i s t s  f o r  U 
i n  t h i s  oxidizing gas. Darras and co-workers (212) 
estimated t h a t  i n f i n i t e  i g n i t i o n  delay time would be 
observed i f  the i n i t i a l  sample temperature were 40OoC; 
t h i s  then i s  the c r i t i c a l  temperature f o r  bulk U 
(S/V = 2.1 mm-l) i n  a i r  a t  1 atm. 
t r a n s i t i o n  temperature i s  probably about 15OoC (see 
Chapter 111), it i s  concluded t h a t  the i g n i t i o n  of 
bulk U i n  a i r  i s  cont ro l led  by the c r i t i c a l  tempera- 
tu re .  It is  i n t e r e s t i n g  t o  note t h a t  Darras e t  al .  
(212) found t h a t  the  spontaneous i g n i t i o n  temperatures 
shown i n  Fig. 11 a r e  independent of appl ied hea t ing  
ra te .  
Since the U-air 
Other i nves t iga to r s  have reported the  im-  
portance of sample se l f -hea t ing  i n  the oxidat ion of U: 
f o r  U cubes i n  200 t o r r  of O2 above 3OO0C (227) : f o r  
U cubes i n  20-800 t o r r  of O2 above 3OO0C (76); and f o r  
bulk U i n  200 t o r r  of a i r  above 2OO0C (74). Adda (74) 
noted t h a t  the  spontaneous i g n i t i o n  temperature de- 
creases  with increasing S/V, which v e r i f i e s  the  pre- 
d i c t ion  of such a t rend made i n  Chapter 11. 
To summarize, on the  b a s i s  of the  l i t e r a t u r e ,  
it is  expected t h a t  the c r i t i c a l  temperature w i l l  con- 
t r o l  the i g n i t i o n  of bulk U i n  e i t h e r  O2 o r  air. 
b. Ign i t ion  Temperatures 
It was noted i n  Chapter I1 t h a t  the  Atomic 
Energy Commission is  concerned with the  problem of U 
pyrophorici ty ,  because of U f i r e s  and explosions i n  pro- 
cessing plants .  The reader i s  re fer red  t o  Ref, (234) 
f o r  fu r the r  discussion of t h i s  problem. 
Reported i g n i t i o n  temperatures f o r  U i n  the  
var ious oxidizing gases of i n t e r e s t  are shown i n  Table 
19 and i n  Fig. 1 2  and 13. The e x c e l l e n t  agreement shown 
i n  Fig. 1 2  and 13  r e s u l t s  i n  p a r t  from t h e  compilation 
of da ta  from the  var ious papers by the  Argonne group 
(85,231-233). 
TABLE 19, 
LITERATURE IGNITION TEMPERATURES FOR URANIUM 
Sta ted  
Reference S ize  
Carbon Dioxide 
(228) 556 mm-' 
(210) 4 7 4 p  
-1 
0.9 mm 
-1 
(85) 0.778 mm 
Gas 
Pres  sur e 
200 t o r r  
flowing 
1 atm? 
1 atm 
flowing 
flowing 
f 1 owing 
1 atm? 
1 or 15 
atm 
flowing 
Sample 
Condition 
B 
QP 
QP 
QP 
B 
B 
QP 
DD 
QP 
B 
B 
I g n i t i o n  
Temperature, C 
,300 
35 7 
4 10 
145 
397 
35 5 
2 35 
560 
35 0 
800 
2 8 5 0  
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Throughout the  table and f igures ,  t he  expected 
t rends are observed: t he  i g n i t i o n  temperature decreases 
with decreasing sample s i z e ,  b u t  i n  general  i n  O2 or  a i r  
does no t  move below the  t r a n s i t i o n  temperature of 15OoC 
(the exceptions are the  DD and QP da t a  of  Jacobson and 
co-workers (203,228)), and measured i g n i t i o n  temperatures 
a t  a given S/V increase i n  QP, DD, and B experiments, 
respect ively,  The f i r s t  t rend i s  cons i s t en t  with the  
explanation of pyrophorici ty  as given i n  Chapter I1 and 
as based on the  model of m e t a l  i gn i t i on .  
The d a t a  of Bagley and Oliver (86) are n o t  
shown i n  the  table o r  f igures:  these inves t iga to r s  could 
not  i g n i t e  bulk U (S/V = 0.3 mm-l) i n  a i r  below 600OC. 
Inspection of Fig. 13 shows agreement with the  r e s u l t s  
presented there .  
had l i t t l e  e f f e c t  on the  measured i g n i t i o n  temperature 
for bulk U i n  02, and two inves t iga to r s  reported t h a t  
the U i g n i t i o n  temperature increases  with increasing 
applied heat ing r a t e ,  f o r  bulk U i n  a i r  a t  1 atm ( 2 1 2 ) ,  
and fo r  a QP experiment i n  O2 (233). 
Schnizlein e t  a l .  (85) found t h a t  sample p u r i t y  
7. Zirconium 
a. C r i t i c a l  Temperatures 
Several  i nves t iga to r s  have noted d i f f i c u l t i e s  
with se l f -hea t ing  of zr ;  however, as no i g n i t i o n  delay 
t i m e s  a r e  reported,  no c r i t i ca l  temperature may be esti-  
mated. a t  76 torr ,  
spontaneous i g n i t i o n  w a s  encountered a t  800 C (93,237); 
For bulk Z r  (S/V = 7.88 nun-') i n  0 
2O 
f o r  bulk Z r  (S/V = 15-05 m-’) i n  1 atm of  0 
82OoC (232); and f o r  bulk Z r  (S/V = 1.41 nun 
a t  1000°C (123). 
temperatures with increas ing  surface area t o  volume 
rat io ,  which may i n d i c a t e  a similar decrease i n  cr i t i -  
cal  temperature. 
Z r  could not  be ign i t ed  i n  flowing O2 a t  temperatures 
less than 130OoC i f  the  sample w a s  i n i t i a l l y  heated i n  
02. I f  however the  i n i t i a l  hea t ing  w a s  c a r r i e d  o u t  i n  
He,  and 0, w a s  admitted a t  temperature, i g n i t i o n s  were 
a t  about -2’ 
) i n  02, 
Note the  general  decrease i n  c i t e d  
Schnizlein and co-workers (85) noted t h a t  bulk 
L 
observed a t  
i n  terms of 
about 84OoC. 
the  s p e c i f i c  a rea  as follows: 
Their r e s u l t s  w e r e  expressed 
(A2-18)  
2 where Tign i s  i n  degrees Cels ius  and (A/m) i s  i n  c m  /g 
(85) 
T h i s  temperature of 84OoC may correspond t o  
the spontaneous i g n i t i o n  temperatures l i s t e d  above, and 
thus Eqn. ( I V - 1 8 )  may def ine  Tcrit r a t h e r  than Tign. 
In  any case, t h i s  temperature w a s  observed t o  be inde- 
pendent of  t he  method of sample surface pretreatment  
(85) 
b, I g n i t i o n  Temperatures 
L i t e r a t u r e  i g n i t i o n  temperatures f o r  Z r  are 
reported i n  Table 20 and i n  Fig. 14. 
the  Z r - 0 2  ~ y s t e m , ~  the  r e s u l t s  of  B e a l  e t  al .  (235) 
Turning f i r s t  t o  
‘The r e s u l t s  of Littman e t  a1.(239) on the  i g n i t i o n  of 
Z r  bars broken i n  to r s ion  o r  tension w i l l  no t  be d is -  
cussed i n  the  present  report .  
Sta ted  
Reference S ize  
Oxygen 
(235 1 9.19-23.6 mm -1 
r44p 
< 1 4 9 p  
2000 mn-l 
2000 mm-l 
m - 0  
4 44p 
4 1 4 9 ~  
Carbon Dioxide 
(203) r44p 
(210) 2000 m - l  
(204) < 1 4 9 p  
(2031, (228) 2000 nuna1 
(228) 1820 mml 
(203),(228) 330 m o l  
Water Vapor --- (224) 
TABLE 20. 
LITERATURE IGNITION TEMPERATURES FOR ZIRCONIUM 
Gas 
Pr e s s u r e  
flowing 
1 atm? 
1 atm? 
flowing 
1 atm? 
1 a t m  
1 atm? 
1 a t m ?  
1 a t m ?  
1 a t m ?  
f lowing 
1 atm? 
1 a t m ?  
1 atm? 
-0- 
Sample 
C ond it ion 
B 
QP 
QP 
QP 
QP 
DD 
QP 
DD 
QP 
QP 
QP 
QP 
QP 
DD 
QP 
DD 
I g n i t i o n  
Temperature, C 
855 
530 
530 
5 08 
790 
25 
2 10 
25 
2 10 
560 
560 
365 
62 0 
650 
7 10 
2400 
l i s t e d  i n  the  table w e r e  obtained i n  an experiment i n  
which the  sample w a s  dropped i n t o  the  h o t  ox id iz ing  
gas. Thus t h i s  experiment i s  sub jec t  t o  the  d i f f i c u l t i e s  
i n  diagnosing sample self-heat ing t h a t  i s  common t o  SP 
experiments. On comparison of  t h e i r  i g n i t i o n  temperature 
of 855OC with the  spontaneous i g n i t i o n  temperatures 
l i s t e d  i n  Section 7,a ,  it is concluded t h a t  t h i s  value 
i s  no t  a t r u e  i g n i t i o n  temperature as defined i n  the  
present  report .  
temperature w a s  estimated t o  be 925 f 100°C, and it w a s  
' mentioned t h a t  p ro t ec t ive  oxidat ion rates have been ob- 
served a t  temperatures above t h i s  estimated t r a n s i t i o n  
temperature (101,107) . The r e s u l t s  of Schnizlein e t  a l ,  
(85) a l s o  ind ica t e  t h a t  the  t r a n s i t i o n  temperature may 
be s u b s t a n t i a l l y  higher  than 925OC8 as they w e r e  unable 
t o  i g n i t e  Z r  i n  O2 below 130OoC i f  the  sample was heated 
i n i t i a l l y  i n  02. 
Kofstad (101),  and P e m s l e r  (107), the  t r a n s i t i o n  t e m -  
pera ture  of 925 + - 100°C which was estimated i n  Appendix 
I is  discarded, Evidently the  Z r - 0 2  t r a n s i t i o n  t e m -  
pera ture  l i e s  above 1300°C. 
e f f e c t  may a c t u a l l y  be a r e s u l t  of  the  dependence of 
R e c a l l  t h a t  i n  Appendix I the  Zr -02  t r a n s i t i o n  
On the  basis of the  d a t a  of Schnizlein (85) 8 
N o t e ,  however, t h a t  t h i s  
t r a n s i t i o n  temperature on appl ied heat ing ra te  (see 
Chapter 111). 
Very recent  da t a  obtained by P e m s l e r  (132) 
f u r t h e r  s u b s t a n t i a t e  the  conclusion t h a t  the  Z r - 0 2  
t r a n s i t i o n  temperature is  g'reater than o r  equal  t o  
130OOC. 
he observed parabol ic  rates i n  O2 i n  the  temperature 
range 840 - 13OOOC. 
For e i t h e r  oxygen- free o r  oxygen-saturated Z r ,  
More rapid parabol ic  r a t e s  of f i lm 
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FIGURE 14 
formation occurred with the  oxygen-saturated metal. 
That the i n i t i a l  O2 concentrat ion i n  the metal i s  im-  
por tan t  i n  the experiment, a s  suggested i n  Chapter 111, 
is  demonstrated by the  observat ion t h a t  adherent oxide 
f i lms could not  be obtained on oxygen-saturated Z r  below 
84OoC ( 1 3 2 ) -  
Since the  Zr-N t r a n s i t i o n  temperature i s  
2O thought t o  l i e  above 1640 C, most l i k e l y  c r i t i c a l  t e m -  
pera ture  in te r fe rence  occurred i n  the  QP experiments 
l i s t e d  i n  Table 20. 
That small Z r  p a r t i c l e s  w i l l  i g n i t e  i n  a i r  a t  
room temperature i s  documented i n  both Table 20 and Fig. 
14. For a d i scuss ion  of t h i s  problem with respect  t o  
Z r  f i r e s  and explosions,  see Ref. (238). Also, Hickman 
and Gulbransen remarked t h a t  " a t  moderate temperatures 
f i n e l y  powdered Z r  w i l l  b u r s t  i n t o  flame when heated i n  
a i r "  (240) . Because of the uncer ta in ty  i n  the Z r - 0 2  
t r a n s i t i o n  temperature, the  Zr-air  t r a n s i t i o n  tempera- 
t u r e  which was a l s o  estimated a s  925 + - 100°C (Table 13) 
w i l l  a l s o  be rejected.  
I n  C02 ,  a decrease i n  i g n i t i o n  (or  c r i t i c a l )  
To summarize, f o r  Z r  i n  the oxid iz ing  gases of 
i n t e r e s t ,  spontaneous i g n i t i o n  apparently has  led  t o  re- 
ported i g n i t i o n  temperatures which a r e  lower than the 
t r a n s i t i o n  temperatures. Documentation of an O2 c r i t i -  
c a l  temperature has been accomplished and has  l ed  t o  a 
rev is ion  i n  the t r a n s i t i o n  temperature estimated on the  
b a s i s  of the oxida t ion  l i t e r a t u r e ,  Furthermore, ob- 
served i g n i t i o n s  f o r  dus t  d i spers ions  of Z r  i n  room- 
temperature a i r  a l s o  ind ica t e  extremely low c r i t i c a l  
temperatures a r e  involved, a s  there  i s  no quest ion t h a t  
temperature with increas ing  S/V i s  seen i n  Table 20. 
pro tec t ive  oxidat ion rates are observed a t  low tempera- 
t u r e s  i n  t h e  Z r - a i r  r eac t ion  (see Table 8) .  
8. Titanium 
a, C r i t i c a l  Temperatures 
H i l l  e t  a l e  (213) measured spontaneous i g n i t i o n  
temperatures f o r  T i  i n  O2 and i n  a i r ,  
of S/V = 2-56 mrn-l, the values are f150°C i n  33-3 atm of  
O2 and 1592OC i n  1 atm of a i r .  
t i o n  delay t i m e s  a r e  given. 
has only been estimated wi th in  the pressure range l o m 3  
through 760 t o r r ,  and w a s  taken as 900°C. 
t h i s  l a r g e  pressure d i f fe rence  and noting tha t  a spon- 
taneous i g n i t i o n  r a the r  than c r i t i ca l  temperature w a s  
reported by H i l l  e t  a l ,  (213), it may be concluded t h a t  
t he  c r i t i c a l  temperature a l s o  con t ro l s  i n  the i g n i t i o n  
of bulk T i  i n  02, 
For bulk T i  samples 
Unfortunately, no igni-  
The t r a n s i t i o n  temperature of the  Ti-02 system 
Subject t o  
b, I g n i t i o n  Temperatures 
Littman e t  a l .  (241) s tud ied  t h e  i g n i t i o n  of 
T i  b a r s  broken i n  tension i n  02; as has been mentioned 
previously,  t h i s  experiment f a l l s  outs ide  the  scope of 
t he  present  report .  
L i t e r a t u r e  i g n i t i o n  temperatures are shown i n  
Table 2 1  and Fig. 15, Few conclusions can be drawn f o r  
T i  i n  t he  various gases, as a t r a n s i t i o n  temperature i s  
ava i lab le  only i n  02, Some of the  expected t rends w i t h  
respec t  t o  sample s i z e  and with respec t  t o  type of experi- 
ment a r e  seen i n  t h e  table and f igure.  
TABLE 21. 
LITERATURE IGNITION TWERATURES FOR TITANIUM 
Stated Gas 
Size Pres sur e 
2.25-7.88 nunm1 3.3 atm 
20 atm 
4 4 4 p  1 atm? 
4 7 4 p  1 atm? 
445 mm-l 1 atm? 
1200-6000 mn”’ f l o w i n g  
--I 1 atm? 
1- 5p 1 atm 
< 4 0 p  1 atm? 
4 4 4 p  1 atm? 
4 0 - 5 3 p  1 atm? 
< 6 6 p  1 atm? 
4 7544 1 atm? 
< 1 4 9 p  1 atm? 
Carbon Dioxide 
(203)  < 44 f i  1 atm? 
< 7 4 p  1 atm? 
(204) c 1 4 9 , ~  1 atm? 
( 2  10) 1200-6000 nuno1 flowing 
( 2 2 8 )  445 mol 1 atm? 
(194)  2.25-7.88 mm 20 atm -1 
Sample I g n  i t ion 
0 Cond it ion Temperature, C 
B 
QP 
QP 
QP 
QP 
DD 
QP 
DD 
QP 
DD 
DD 
QP 
DD 
QP 
1315 
8 15 
7 00 
900 
760 
830 
480 
625 
4 0 1  
475 
425 
4 12 
460 
480 
460 
6 85 
680 
680 
67 0 
550 
1520 
327 
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N o t e  t h a t  the  r e s u l t s  of H i l l  e t  al. (213) 
and of Dean and Thompson (194) on the  i g n i t i o n  of bulk 
T i  i n  0 are i n  disagreement: according t o  these  in- 
ves t iga to r s ,  a spontaneous i g n i t i o n  temperature a t  33.3 
atm is  115OOC (213), and the  i g n i t i o n  temperature a t  20 
atm is  815OC and a t  3.3 atm is  1315OC (194), t h a t  is, 
an incons i s t en t  pressure t rend  is  reported. Perhaps a 
pressure dependence of the  t r a n s i t i o n  temperature has 
come i n t o  p lay  here. 
A f i n a l  i t e m  is  t h a t  Riehl and co-workers (242) 
could not  i g n i t e  bulk T i  a t  a temperature less than 
120OoC i n  a H 2 / a i r  flame a t  a pressure of about 1.67 atm. 
2 
9. Tantalum 
a. C r i t i c a l  Temperatures 
In  oxidat ion experiments with bulk Ta  (S/V = 
0.845 m-') i n  1 atm of 02, Albrecht e t  a l .  (157) re- 
ported an i g n i t i o n  delay t i m e  o f  15 min a t  125OOC. 
Ign i t ion  w a s  instantaneous a t  13OO0C. Since the  t ran-  
s i t i o n  temperature i s  much below these  values (5OO0C), 
it i s  concluded t h a t  the  i g n i t i o n  of Ta i n  O2 i s  con- 
t r o l l e d  by the  c r i t i c a l  temperature. 
b, Ign i t ion  Temperatures 
Reported i g n i t i o n  temperatures f o r  Ta i n  O2 
and a i r  are shown i n  Table 22. Cowgill and S t r inge r  
(159,243) l i s t e d  a value of 1000°C i n  O2 f o r  a s l i g h t l y  
s m a l l e r  sample than t h a t  used i n  R e f .  (157). Since 
these  authors  noted t h a t  t he  sample b u r s t  i n t o  flame 
TABLE 22. 
LITERATURE IGNITION TEMPERATURES FOR TANTALUM 
Stated Gas 
Size Pres sure 
--- -1 4.2 mm 
0.%5 nun-' 1 atm 
4 44p 1 atm? 
4.32 mm 1-7 atm -1 
Ignition 
0 
Sample 
Condition Temperature, C 
B 1000 
B 1300 
DD 630 
QP 300 
1 B 1238 -1282 
1 
Brightness temperature. 
when O2 was admitted at 1000°C, this value may actually 
be a critical temperature as a result of sample self- 
heating during the transient filling period. 
The bulk air results (220) are consistent 
with the air transition temperature of 80OoC; lower 
ignition temperatures observed in DD and QP experiments 
are most likely a result of sample self-heating, as was 
the case for similar experiments with Zr and Ti. 
10. Molybdenum 
a. C r i t i c a l  Temperatures 
Simnad and Spi lners  (177) inves t iga ted  the 
oxida t ion  of bulk M o  with S/V = 2-33 nun-'. I n  O2 a t  
1 atm, they found t h a t  i g n i t i o n  occurred a t  75OoC. 
However, i f  the sample was pre-oxidized a t  725OC fo r  
more than 8 min, i g n i t i o n  was not  observed below the 
melting poin t  of Moo3, 770OC. Since fo r  a c lean M o  
surface i g n i t i o n  occurred instantaneously a t  75OoC, 
bu t  a t  725OC an i g n i t i o n  delay time of a t  l e a s t  8 min 
was observed, it may be concluded t h a t  the  c r i t i c a l  
temperature of Mo i n  1 atm of O2 i s  on the order  of 
725 o r  70OoC. 
sure  i s  estimated as 725OC (Table 1 3 ) ;  thus,  because 
of the  proximity of the c r i t i c a l  and t r a n s i t i o n  tem- 
pera tures ,  e i t h e r  may cont ro l  i n  the i g n i t i o n  of bulk 
The t r a n s i t i o n  temperature a t  t h i s  pres- 
MO 
In  a wind tunnel experiment with bulk Mo i n  
10.5 atm of a i r  a t  a Mach number of 2.1, some samples, 
b u t  not  o thers ,  w e r e  observed t o  i g n i t e  fo r  a stagna- 
t i o n  poin t  temperature g rea t e r  than 1827OC (244).  The 
authors noted t h a t  " a l so  uncer ta in  is the  reason t h a t  
some specimens which ign i ted  d id  so under condi t ions 
apparent ly  no more severe than those experienced by 
o ther  specimens which d id  not  i gn i t e .  . . Apparently 
the  condi t ions employed i n  the  present  inves t iga t ion  
l i e  i n  a t r a n s i t i o n  regime between cons is ten t  normal 
oxidat ion and cons is ten t  ign i t ion .  In  t h i s  region small 
d i f fe rences  i n  hea t  input  and/or hea t  removal may de- 
termine whether a specimen i g n i t e s  o r  behaves normally. '' 
Evidently i n  t h i s  experimental environment the  cr i t i -  
c a l  temperature of M o  i s  extremely high (perhaps due to  
la rge  h e a t  losses f r o m  the  samples), and i n t e r f e r r e d  
w i t h  the oxidat ion experiments, 
b. Ign i t ion  Temperatures 
In  Table 23 l i t e r a t u r e  i g n i t i o n  temperatures 
f o r  M o  i n  O2 and a i r  a r e  listed, 
is  seen between the O2 t r a n s i t i o n  temperature of 725OC 
and the bulk i g n i t i o n  temperatures, 
I n  a i r ,  the  DD r e s u l t  is  above the a i r  t ran-  
s i t i o n  temperature (595OC), b u t  t he  QP datum is  below 
th i s  value,  probably due t o  the  low c r i t i ca l  tempera- 
t u r e  associated with QP experiments. 
Excel lent  agreement 
TABLE 23. 
LITERATURE IGNITION TEMPERATURES FOR MOLYBDENUM 
Reference Size Pressure Condition Temperature, ( 
Oxygen 
Stated Gas Sample Ignition 0 
B 750 1 atm -1 (177) 2.33 mm 
750 
725 
720 
360 
I 
On the basis of the ignition temperature.data, 
no further conclusion may be drawn as to which of the 
transition and critical temperatures controls the bulk 
ignition of Mo, 
11. Silicon 
No indications of Si self-heating or spontan- 
eous ignition are present in the literature, Furthermore, 
very few ignition data are available for Si (Table 24). 
As transition temperatures have been estimated only for 
the Si-O2 and Si-H20 systems, no conclusion can be drawn 
frgm the data listed in Table 24, 
TABLE 24. 
LITERATURE I G N I T I O N  TEMPERATURES FOR SILICON 
0 Stated G a s  Sample I g n i t i o n  
Reference Size Pres  sur  e Condition Temperature, C 
Nitrogen 
(203) 4 5 3 p  1 atm? QP 
(204) 4 1 4 9 p  1 atm? QP 
1000 
1000 
A i r  -
(203) 4 5 3 j i  1 atm? QP 950 
4 7 4 p  1 atm? QP 790 
(204) 4 1 4 9 p  1 atm? QP 950 
DD 775 
Carbon Dioxide 
(203) 4 5 3 p  1 atm? QP 1000 
(204) 4 1 4 9 ~  1 atm? QP 1000 
1 2 .  Theories of M e t a l  I gn i t i on  
Several  theories of m e t a l  i g n i t i o n  have been 
given by various inves t iga to r s  i n  the l i t e r a t u r e ;  these 
w i l l  now be reviewed, I n  order t o  f a c i l i t a t e  comparision, 
the def ining equations f o r  t he  c r i t i ca l  and i g n i t i o n  temper- 
a tu re s  i n  the  present  model are repeated: 
(11-56) 
(11-5 7)  
Some of  the theo r i e s  t o  be discussed a re  appro- 
p r i a t e  t o  systems of any s i z e ,  tha t  is, are s i z e  independent, 
and o thers  are fo r  p a r t i c u l a r  types of experiments such as 
those involving d u s t  dispers ions.  
a. Bulk Ign i t ion  According t o  the  Theory of Eyring and 
Zwolinski 
The e a r l i e s t  theory of m e t a l  i g n i t i o n  is  due 
t o  Eyring and Zwolinski (48). This theory,  i n  t e r m s  of 
the present  model, is a ca l cu la t ion  f o r  the c r i t i c a l  temper- 
a tu re  of a bulk system based on the  Theory of Absolute Re- 
ac t ion  Rates. 
The temperature under considerat ion was defined 
by the following heat balance equation: 
t e r m  was expressed The %hem 
where 15 is  the r eac t ion  ra te  
(A2-19) 
as : 
(A2-20) 
(number of m e t a l  atoms/cm2 sec), 
4 Hf i s  the  h e a t  of formation of the product (kcal/mole), 
and N i s  Avogadro's number. 
It w a s  stated t h a t  " the i g n i t i o n  of m e t a l  samples w i l l  
occur when the conduction of heat through the  oxide 
f i lm is  inadequate for the  removal of the  h e a t  produced 
a t  the metal-film i n t e r f a c e  as a r e s u l t  of corrosion".  
Radiation, conduction i n t o  the m e t a l ,  and conduction i n t o  
the ambient oxidizing gas are neglected, and thus Gloss 
w a s  wr i t ten :  
( A2- 21) 
w h e r e  kox is  the  thermal conduct ivi ty  of the oxide 
( c a l p C  c m  sec), Ts is  the temperature a t  the metal-oxide 
i n t e r f a c e ,  To i s  the  temperature a t  the  oxide-gas i n t e r -  
face (both i n  OK), and dox i s  the oxide f i l m  thickness  
( c m )  . Eqn. ( A L l 9 )  then becomes: 
The expression f o r  the  reac t ion  r a t e  w a s  de- 
veloped f r o m  the Theory of Absolute Reaction R a t e s  and 
w a s  wr i t ten :  
w h e r e  Cs i s  the number of adsorption sites o r  m e t a l  atoms 
pe r  u n i t  sur face  a rea ,  k i s  the Boltzmann constant  
(ergs/OK), h is  Planck 's  constant  (e rg  sec) , E i s  the  
a c t i v a t i o n  energy ( e r g ) ,  and F i s  the r a t i o  of the re- 
ac t ion  sur face  area t o  the ou te r  area of the oxide f i l m .  
This rate expression i s  v a l i d  only for regimes of l i nea r  
oxidat ion,  
Eqn, (A2-22)  and (A 2-23) may be rewri t ten:  
Since i g n i t i o n  w i l l  occur when the  hea t  balance repre- 
sented by Eqn. (142-22) is  destroyed, Ts as ca lcu la ted  
from Eqn. (A2-24) i s  the  i g n i t i o n  temperature, which i s  
seen t o  depend s t rongly  on the  oxide f i lm thickness ,  
dox. 
Ts as ca lcu la ted  from Eqn, ( ~ 2 - 2 4 )  is  a c t u a l l y  the 
c r i t i ca l  temperature by v i r t u e  of Eqn. (11-56). 
~ o t e ,  however, t h a t  i n  terms of the  present  model, 
Upon comparison of temperatures ca lcu la ted  
from Eqn. (A2-24) with i g n i t i o n  temperatures measured 
experimentally f o r  Mg i n  02, Fasse l l  e t  a l ,  (201) noted 
the following d i f f i c u l t i e s  with the  theory: f i r s t l y ,  
the  experimental i g n i t i o n  temperature i s  independent 
of oxide thickness:  secondly, self-heat ing below the  
temperature pred ic ted  by Eqn. (A 2-24) i s  impossible 
( t h a t  i s ,  these  authors  recognized t h a t  se l f -hea t ing  
below the  i g n i t i o n  temperature i s  poss ib le )  : and th i rd-  
l y ,  t he  observed pressure dependence of the  i g n i t i o n  
temperature i s  no t  explained ' o r  predicted by the theory. 
Eyring and Zwolinski are a c t u a l l y  c r i t i c a l  temperatures, 
two of the  f a i l u r e s  of the  theory noted by F a s s e l l  and 
co-workers can be explained, I t  i s  poss ib le  t h a t  the  
c r i t i ca l  temperature i s  a funct ion of oxide f i lm thick- 
ness (see ChapterVII),  as w a s  discussed i n  Chapter 11, 
and self-heat ing i s  not  only poss ib le ,  b u t  a l s o  expected 
above the  c r i t i ca l  temperature. A pressure dependence 
of i g n i t i o n  o r  c r i t i c a l  temperature is predic ted  by a 
more complete theory. 
and Zwolinski a r e  the  independence of cr i t ical  tempera- 
t u r e  with respec t  t o  sample s i z e  and the  f a i l u r e  of the  
theory f o r  zero oxide thicknesses,  Also, t he  theory a s  
Recall ing t h a t  the  temperatures ca lcu la ted  by 
Other d i f f i c u l t i e s  with the  theory of Eyring 
developed appl ies  only to  temperature regimes of l i n e a r  
oxidat ion . 
In  v i e w  of the d i f f i c u l t i e s  noted with the 
theory of Eyring and Zwolinski, Higgins and Schultz pro- 
posed the following modif icat ions,  according t o  Ref. 
(199),  i n  which Ts and T 
scopic granules of metal: T i s  the mean temperature i n  
the i n t e r i o r  of a metallic granule a t  the metal-oxide 
in te r face ;  To i s  a mean temperature a t  the ex terna l  sur- 
face of the oxide f i lm assoc ia ted  with the granule;  and, 
allowing f o r  non-uniformit i t ies  i n  the oxide f i lm on the 
granule,  d i s  taken a s  a mean oxide thickness.  It was 
then argued t h a t  f o r  an aggregate of small granules,  
because of the  near equal i ty  of Ts and To from granule t o  
granule,  the temperature grad ien t  (Ts - To) /dox becomes 
vanishingly small and ign i t ion  occurs. However, no cal-  
cu la t ions  w e r e  attempted. 
w e r e  defined i n  terms of micro- 0 
S 
ox 
b. Bulk Ign i t ion  According t o  the Theory of H i l l ,  
Adamson, Foland, and Bresset te .  
A second theory,  a l so  based on Eqn. (11-56) ,  
was proposed by H i l l  and co-workers (213 ) .  These authors,  
however, noted t h a t  the  ca lcu la t ion  provided an est imate  
of the  spontaneous i g n i t i o n  temperature, r a the r  than igni-  
t i o n  temperature, and i s  thus cons is ten t  with the def ini-  
t i ons  of the  present  model. 
These authors balanced a rate of chemical energy 
re lease  with a convection and r ad ia t ion  hea t  loss: 
(A2-25) 
A conduction term i n t o  the  m e t a l  w a s  neglected because 
i n  t h e i r  experiments t he  samples w e r e  heated uniformly. 
Using engineering approximations t o  the  th ree  t e r m s  i n  
Eqn. (A2-25), good agreement between ca lcu la ted  and 
measured spontaneous i g n i t i o n  temperatures w a s  obtained 
f o r  1020 steel i n  a i r .  The appropriate  oxidat ion rate 
involved i n  was measured i n  t h e i r  own experiments. 
The ca lcu la ted  values w e r e  dependent on the  oxide thick- 
ness ( a s  i n  the  theory of Eyring and Zwolinski). 
e t  a l .  is  t h a t  the  wrong s i z e  dependence of c r i t i ca l  t e m -  
pera ture  i s  predicted.  
the  sample s i z e  dependence e n t e r s  as follows: 
A major d i f f i c u l t y  with the  theory of H i l l  
I n  t h e i r  approximation of 4 conv 
(A 2-26) 
where d i s  now the  c h a r a c t e r i s t i c  s i z e  of t h e  sample, 
and R e  i s  the  Reynolds number based on t h i s  s ize .  There- 
fore ,  by v i r t u e  of the  d e f i n i t i o n  of Reynolds number: 
(A 2 -27)  
increases ,  qconv That is, a s  the  sample s i z e  i s  decreased, * 
and so does the  c r i t i c a l  temperature. 
A s  i n  t h e  theory of Eyring and Zwolinski, t he  
theory of Hill e t  a l .  f a i l s  f o r  c lean metal surfaces ,  
t h a t  i s ,  f o r  zero oxide thicknesses,  because i n  t h i s  case 
the  reac t ion  rate is  inverse ly  proport ional  t o  oxide 
f i l m  thickness.  
c, Bulk Ign i t ion  According t o  the  Theory of Reynolds 
A theory of m e t a l  i gn i t i on  w a s  advanced by 
Reynolds (220) 8 i n  which t h e  temperature h i s t o r y  of the  
metall ic sample w a s  described by the  following energy 
equation, where conduction i n t o  the  f u e l  i s  neglected: 
(A2 -28) 
where C = t o t a l  h e a t  capaci ty  of the  sample, c a l P K ;  
= surface temperature of the  sample, OK; 
2 S = sur face  a rea  of  t he  sample, c m  ; 
t = t i m e ,  sec; 
TS 
0 
= chemical energy release rate pe r  u n i t  
'hem area, cal/cm2sec; 
2 0  h = h e a t  t r a n s f e r  c o e f f i c i e n t ,  cal/cm sec K; 
= sample recovery temperature, OK; T 
P = Stefan-Boltzmann constant ,  c a l / c m  sec (OK) ; 
E = surface emiss iv i ty ,  dimensionless; 
= e f f e c t i v e  r ad ia t ion  temperature of  the  Tr 
Binput = any h e a t  input  inde endent of  the  body 
4 2 4 
environment, OK; 
0 
temperature, cal/cm s sec, 
According t o  Reynolds, " the  i g n i t i o n  temperature 
i s  seen t o  be equivalent  t o  the  temperature a t  which the  
body temperature begins t o  increase a t  an increasing rate,  
This may be expressed mathematically as the  temperature 
a t  which dTs/dt is  a minimum," Thus, a t  i gn i t i on :  
or ,  from Eqn. (IV-28): 
(A 2-29) 
(A2-30) 
Reynolds defined i g n i t i o n  t o  occur a t  an inf lec-  
t i on  poin t  i n  the surface temperature-time curve: a s  no 
equilibrium pos i t ions  ( w i t h  respect t o  time) a r e  indica- 
ted i n  h i s  model and a s  the surface temperature is r i s i n g  
i n  t i m e ,  by d e f i n i t i o n ,  the c r i t i c a l  temperature has been 
exceeded. H e  then inco r rec t ly  ind ica ted  t h a t  dTs/dt  goes 
through a m i n i m u m  a t  i gn i t i on ,  above the c r i t i c a l  temper- 
a ture .  
In  the present  model i g n i t i o n  occurs a t  a maxi- 
mum value of dTs/dt above the c r i t i c a l  temperature, which 
i s  indeed an experimental c r i t e r i o n  f o r  ign i t ion ,  Mathe- 
mat ical ly ,  of course, there  i s  no d i f fe rence  i n  the de- 
f in ing  equation fo r  i gn i t i on  temperature , b u t  the i n t u i -  
t i v e  d i f fe rence  i n  approach t o  t h i s  equation is  s t ressed.  
Reynolds wrote SlChem a s  follows: 
( A 2 - 3 1 )  
i s  is the reac t ion  r a t e  (g 02/cm sec) and Qchem 
He considered both 
2 where 
the hea t  of react ion (cal/g 0 2 j .  
l i n e a r  
and parabol ic  regimes of oxidat ion 
(A2-32) 
(A2-33) 
where the ki a re  the  appropriate  r a t e  constants ,  Ai a r e  
the appropriate  pre-exponential f ac to r s ,  Ei a r e  the 
appropriate  ac t iva t ion  energies ,  and R i s  the universa l  
gas constant.  w is  the weight of O 2  per  u n i t  area t h a t  
(340) 'I 
has reacted with the m e t a l  a t  t i m e  t. 
Since 
then 
and 
hr'Kp/2" 
7 Therefore: 
(A2-35) 
(~2 ' -36)  
where pox i s  the oxide densi ty ,  dox is  the oxide thick- 
ness, and 8 is  the  r a t i o  of the  mass of oxide t o  the mass 
of O2 forming it, 
gram O-28 Qehem8 the hea t  re lease  r a t e s  a r e  obtained: 
Multiplying by the  hea t  release per  
Subs t i tu t ion  of Eqn. (A2-38)  o r  (A239) i n t o  
Eqn. (A2'-30) y ie lds:  
(A2-40) 
7Marksteia (LO) has shown t h a t  the  placement of ;d i n  the 
denominators of Eqn. (A2-36) and ( A 2 - 3 7 )  as  i n  the o r i g i n a l  
paper of Reynolds i s  i n  e r ror .  
The T"si are dimensionless i g n i t i o n  tempera- 
t u re s ,  the  h! are dimensionless h e a t  t r a n s f e r  coe f f i c i en t s ,  
are c a l l e d  pyrophor ic i t ies  by Reynolds. 
Reynolds noted t h a t  e i t h e r  an increase or  de- 
7i and the  
crease i n  the  r a t e  of convective hea t  t r a n s f e r  (and 
furthermore, when t h i s  term represents  e i t h e r  heat ing o r  
cooling) w i l l  increase the  ca lcu la ted  i g n i t i o n  temperature. 
Since the  i g n i t i o n  temperature i s  expressed by 
the  universa l  curve Eqn. (A2-40) , a l l  metal-oxidizer 
systems w e r e  expected t o  agree with t h i s  predict ion.  
Reynolds ca lcu la ted  a family of curves of T* versus  
f o r  var ious values of h*. H e  then measured i g n i t i o n  t e m -  
pera tures  f o r  various massive systems, some of which have 
been discussed i n  previous sec t ions  of t h i s  chapter. For 
the s p e c i f i c  systems, the  oxidat ion ra te  da ta  w e r e  taken 
from the  oxidat ion l i t e r a t u r e .  Extremely good agreement 
between the  curve of T* v e r s u s l  with h* equal t o  zero 
w a s  obtained i n  a l l  t h e  cases invest igated.  Reynolds 
7 S 
S 
argued t h a t  this agreement with the  case of zero con- 
vec t ive  h e a t  t r a n s f e r  w a s  a r e s u l t  of h i s  measuring the  
i g n i t i o n  temperatures i n  quiescent  atmospheres. Experi- 
mentally, i g n i t i o n  w a s  defined by "a sharp break i n  the  
temperature-time curve. 'I 
A s  noted previously,  Reynolds' r e s u l t i n g  theo- 
re t ical  d e f i n i t i o n  of t he  i g n i t i o n  temperature, Eqn. 
(A2-30), i s  equivalent  t o  t h a t  of  t h e  present  i nves t i -  
gat ion,  Eqn. (11-57). The experimental d e f i n i t i o n  is  
a l s o  equivalent ,  Thus agreement between theory and 
experiment, wi th in  the  experimental error and t h e  theo- 
r e t i c a l  error i n  es t imat ing  the  var ious parameters which 
appear i n  Eqn. @2-41) - (A2-43), i s  not  unexpected. 
However, i n  t he  theory of  Reynolds, t he  i g n i t i o n  tempera- 
t u r e  i s  predic ted  t o  be independent of sample s i z e ,  and 
'furthermore, no pressure dependence is  predic ted ,  be- 
cause of the experimental i nd ica t ion  t h a t  convective h e a t  
l o s s e s  t o  the ambient gases a r e  negl ig ib le .  
d. Bulk Ign i t ion  According t o  the  Theory of Tal ley 
Talley (245) made a ca l cu la t ion  of  " the  minimum 
temperature above which the  combustion of boron i s  s e l f -  
sustaining.  . .by equating the  rate of h e a t  generat ion by 
chemical reac t ion  with the  rate of h e a t  l o s s  by r ad ia t ion  
as funct ions of temperature." H e  r e f e r r ed  t o  t h i s  t e m -  
pera ture  as an i g n i t i o n  temperature, b u t  of course i n  the  
present  model t h i s  temperature i s  defined as the  c r i t i c a l  
temperature. 
from d a t a  about 7OO0C below the  i g n i t i o n  temperature i n  
Estimates of the  reac t ion  rate w e r e  acquired 
a temperature regime i n  which the  evaporation of B203 from 
the m e t a l  surface i s  rate-determining, 
A s  Ta l l ey  recognized, because only a r ad ia t ion  
hea t  l o s s  mechanism is  assumed, the theory is v a l i d  only 
fo r  l a r g e  samples, Under these assumptions, an i g n i t i o n  
temperature of about 1925OC w a s  p red ic ted  for l a rge  B 
samples i n  02, 
ves t iga t e  the  i g n i t i o n  process,  c r i t i ca l  and i g n i t i o n  t e m -  
pera tures  could not  be dis t inguished.  
02-rich n a t u r a l  gas flame and using a cor rec ted  o p t i c a l  
pyrometer t o  measure sur face  temperature, Tal ley made the  
following observations : 
the  boron was observed t o  burn r e l a t i v e l y  s low.  Between 
1800 and 2100°K the  r a t e  increased evenly, 
of 2230°K (1957OC) w a s  the  h ighes t  temperature before  
there w a s  a sudden increase i n  burning rate," The corres- 
pondence ot tile temperature of t h i s  sudden rate change 
and the ca lcu la ted  i g n i t i o n  temperature i s  excel lent .  
Because of the experiment employed to  in- 
By introducing a 1 mm diameter B rod i n t o  an 
'I a t  temperatures about 1800°K 
A temperature 
A s  i s  the case w i t h  most of the o t h e r  tneor ies  
discussed t o  t h i s  po in t ,  T a l l e y ' s  theory p r e d i c t s  t h a t  
the ca lcu la ted  c r i t i ca l  temperature i s  independent of 
sample s i z e  and oxid izer  pressure,  
e. Single P a r t i c l e  Ign i t ion  According t o  the  Theory of 
Friedman and Macek 
Friedman and Macek (15) developed an i g n i t i o n  
theory i n  order  t o  explain their  experimental r e s u l t s  on 
the i g n i t i o n  of A 1  p a r t i c l e s ,  They la ter  appl ied s imi l a r  
ideas t o  the i g n i t i o n  of Be  (226); these  experimental re- 
s u l t s  have been discussed i n  Sections 4 and 5 of the 
present  appendix. 
The attempt t o  explain t h e i r  r e s u l t s  on the  
basis of a simple h e a t  balance l e d  t o  seve ra l  discre- 
pancies with t h e i r  experimental r e s u l t s ,  The theory pre- 
d i c t ed  a s t rong  dependence of t he  i g n i t i o n  temperature 
on p a r t i c l e  s i z e  and on ambient ox id izer  concentration, 
whereas experimentally these  parameters had l i t t l e  in- 
f luence on i g n i t i o n  temperature. Furthermore, the  pre- 
d i c t ed  i g n i t i o n  temperatures w e r e  considerably higher 
than the  measured temperatures. 
In  order  t o  circumvent these d i f f i c u l t i e s ,  
on the  b a s i s  of the  experimental assoc ia t ion  of t he  A 1  
i g n i t i o n  temperature with the  melting p o i n t  of A1203 
they assumed t h a t  a discontinuous increase i n  reac t ion  
rate occurs a t  the  melting po in t  of the oxide, pz 
(Ts is  the p a r t i c l e  temperature): 
(A2-46) 
(A2 '-47 ) 
i s  the  h e a t  of reac t ion  (cal/mole), c i s  the  
4 3 
where Qchem 
concentrat ion of ox id izer  a t  t he  p a r t i c l e  surface ( m o l e / c m  ) ,  
and k and k' are rate constants  (cm/sec) , with k'>> k. 
Two hea t  f luxes  i n  the  ambient gas  w e r e  con- 
sidered: 
(A2 -48) 
0 
is  the  h e a t  l o s t  by conduction, k i s  the  
g 
w e r e  q cond # 4 
4 
thermal conduct ivi ty  of the gas (cal/cm sec OK), T 
is  the gas temperature (OK), d is  the p a r t i c l e  diameter 
(cm),  4d i f f  is  the  heat f lux  due t o  oxid izer  d i f fus ion  
t o  the react ion zone, D i s  the oxid izer  d i f f u s i v i t y  
(cm /sec) 8 and c is the  oxid izer  concentrat ion a t  2 
i n f i n i t y  (mole/cm gP ) . 
Because the p a r t i c l e  i s  assumed t o  be a t  
uniform temperature T conduction i n t o  the p a r t i c l e  i s  
neglected. Radiation losses  a re  a l so  neglected i n  the 
ign i t i on  process. 
S t  
A temperature defined by an equilibrium: 
(A2 -51) 
e x i s t s  below the oxide melting point ;  above t h i s  tempera- 
t u re  the  p a r t i c l e  may se l f -hea t  ( t h a t  is ,  t h i s  tempera- 
t u re  i s ,  i n  terms of the  physical  model,, t h e  c r i t i c a l  
temperature).  The authors  re fer red  t o  t h i s  temperature 
as  the m i n i m u m  ambient temperature required for  ign i t ion .  
Friedman and Macek proceeded i n  t h i s  manner i n  
order  t o  eva lua te  the oxid izer  concentrat ion a t  the par- 
t i c l e  surface from Eqn. ( A 2 - 5 0 ) ,  @2 -48), and @2-49) : 
Eqn. ( 24251) may be rewr i t t en :  
Eqn, (A2-52) is then subs t i t u t ed  i n t o  Eqn, @2'-53) and 
the expression fo r  the minimum ambient temperature re- 
quired fo r  i g n i t i o n  is  obtained: 
= Po Eqn, @2-54) becomes: Ts MP ' Since a t  i gn i t i on ,  
(a-55) 
Friedman and Macek noted t h a t  the cor rec t ion  
t e r m ,  the  second term on the r i g h t  hand s i d e  ot Eqn. 
( ~ 2  -55) 8 i s  extremely small compared t o  Po# which ex- 
p l a i n s  the observed small dependence of i g n i t i o n  tenpera- 
t u r e  on d and D. 
M P  
The theory i s  appl icable  only t o  s m a l l  p a r t i c l e s  
because conduction i n t o  the i n t e r i o r  of t he  p a r t i c l e  and 
r ad ia t ion  t o  the  surroundings a re  neglected,  
A major d i f f i c u l t y  w i t h  the  theory is t h a t  as the  
p a r t i c l e  diameter i s  increased, the minimum ambient t e m -  
pera ture  required f o r  i g n i t i o n  (or  c r i t i ca l  tem2erature) 
decreases,  Also, k,  the react ion r a t e ,  which appears 
i n  Eqn. (A2-55) is  a funct ion of  temperature and pressure.  
f ,  D u s t  Dispersion Ign i t ion  According t o  the  Theory of 
Nagy and Surincik 
Nagy and Surincik (246) have recent ly  developed 
a theory f o r  i g n i t i o n  of dus t  dispers ions,  
w a s  t e s t e d  aga ins t  experimental r e s u l t s  on the  i g n i t i o n  
Their theory 
of cornstarch; nevertheless ,  inasmuch as DD experiments 
give i g n i t i o n  temperatures which have l i t t l e  co r re l a t ion  
with t r a n s i t i o n  temperatures, as has been shown i n  e a r l i e r  + 
sec t ions  of t h i s  appendix,the i g n i t i o n  temperatures of 
dus t  d i spers ions  of cornstarch o r  metal powders are ex- 
pected t o  be predicted equal ly  w e l l  by a theory which 
does no t  include a t r a n s i t i o n  temperature concept. 
Again a simple h e a t  balance i s  used t o  def ine 
ign i t i on ,  so t h a t  i n  a c t u a l i t y  a c r i t i ca l  r a t h e r  than 
i g n i t i o n  temperature i s  estimated: 
. - (a -56)  
Because of the  nature  of the  sample configurat ion,  some- 
what more complicated expressions f o r  the  hea t  f luxes 
r e s u l t ,  Also, h e a t  f luxes pe r  u n i t  volume ra the r  than 
pe r  u n i t  area a re  considered. 
The following assumptions w e r e  made: 
(1) The e n t i r e  system (gas p lus  p a r t i c l e s )  
is  described by the  equation of state 
pV = RT, where p i s  pressure,  V i s  
volume, R i s  the  universa l  gas  constant ,  
and T i s  the  temperature. 
The d ispers ion  i s  uniform with respec t  
t o  volume, and the  volume of the  p a r t i c l e s  
i s  neg l ig ib l e  with respec t  t o  t h a t  of t he  
gas , 
(2) 
(3)  
(4) 
(5) 
(6) 
(7) 
The 
Mass t r a n s f e r  i s  negl ig ib le  during 
i g n i t i o n -  
Heat capac i t i e s  a r e  tenperature  inde- 
pendent. 
Heat t ransfer  occurs pr imar i ly  by con- 
duct ion and convection and i s  l i n e a r l y  
propor t iona l  t o  the temperature differ-  
ence. 
Any ac t ion  of the addi t ion  of  an i n e r t  
d u s t  t o  the  d ispers ion  i s  s t r i c t l y  
thermal . 
A bimolecular oxidat ion process i s  assumed, 
and the  r a t e  va r i a t ion  of t h i s  process 
w i t h  respec t  t o  temperature i s  expressed 
by an Arrhenius-type function. 
hea t  re lease  due t o  reac t ion  per  u n i t  
volume may then be expressed: 
w h e r e  a l l  symbols have t h e i r  previous meanings, and w h e r e  
o( i s  the order  of the reac t ion  w i t h  respec t  t o  f u e l  (F) 
and 0 w i t h  respect  t o  oxid izer  (OX). 
the  r e l a t i v e  molar concentrat ions per  u n i t  volume. 
Several  s impl i f ica t ions  of Eqn, (AZ59) a r e  made as  
ind ica ted  be l o w ,  
(F) and (OX) a r e  
Since O2 is  the  only reac t ing  component of the 
gas phase, " the  system may be considered unimolecular 
w i t h  respect  t o  the gaseous phase. 
i s  taken a t  the  f i r s t  power r a the r  than a t  the second 
power, and the  u n i t s  of A become l /sec,  The system con- 
t a i n s  the i n e r t  gases ni t rogen and admixed carbon dioxide,  
and the  r a t e  of reac t ion  i s  lowered by the f r a c t i o n  88 
w h i c h  represents  the proport ion of oxyg.en i n  the atmos- 
phere. 'I Since a t  i gn i t i on ,  by d e f i n i t i o n  the concentra- 
Thus the term p/RT 
P 
(349) 
t i o n  of products i s  negl igible:  
(F) + (ox) = f 
Because the  
p 8 / R T r  t he  
z =perno* 
( A 2 - 5 8 )  
number of  moles of O2  pe r  u n i t  volume i s  
weight of O2 per  u n i t  volume, z, is: 
( A 2 - 5 9 )  w- 
w h e r e  m0, is t he  molecular weight of 02. 
included i n  the  chemical h e a t  release rate by modifica- 
t i o n  of t he  a c t i v a t i o n  energy, t h a t  is ,  exp (-E/RT) i s  
replaced by exp (-pE/RT), where P is  the  e f f e c t i v e  surface 
area o f  t he  dus t ,  and E i s  a property only of the  fuel.  
Final ly ,  
The e f f e c t i v e  surface area of the dus t  i s  
(A2-60) 
where X is t he  i n i t i a l  dus t  concentration i n  g/cm3 and 
$& i s  the  molecular weight of the  dust. Then: 
( A Z - 6 1 )  
f(x) ( A 2 - 6 2 )  
where 
@ 2 - 6 3 )  
Thus combining Eqn, ( A 2 - 5 7 )  through ( A 2 - 6 2 )  : 
The rate of heat loss per  u n i t  volume i s  ex- 
pressed i n  t h e  following manner: 
(A2-65) 
where subsc r ip t  i includes a l l  cons t i t uen t s  of t h e  dus t  
and gas system, ki is  t h e  c o e f f i c i e n t  of h e a t  t r a n s f e r  
of species  i ( including conduction, convection, and 
rad ia t ion)  8 (l/sec) 8 N~ i s  the  concentrat ion of species  
i a t  the  furnace temperature T 
h e a t  of spec ies  i a t  Tf ( ca l /g°K) ,  and V' i s  the  rate of 
h e a t  loss p e r  degree pe r  u n i t  volume t o  the vesse l  w a l l s  
is t h e  s p e c i f i c  (g/cm ) 8 cp8i 3 f 
3 (cal/seco'Kcm 1. 
The 
h e a t  t r a n s f e r  
of magnitude. 
K. = K  
1 
and 
experimental r e s u l t s  ind ica ted  tha t  the  
c o e f f i c i e n t s ,  ki, a r e  a l l  of t h e  same order  
Thus 
Following Semenov, t he  approximation i s  made: 
and thus Eqn. ( ~ 2 - 6 5 )  becomes i n  i t s  f i n a l  form: 
( A2-66) 
(A 2 .- 6 8 ) 
(A2 -69) 
(351)  
The condi t ion f o r  i gn i t i on ,  Eqn, (A2-56 ) ,  is  
then : 
(A2 -70) 
Nagy and Surincik obtained t h e  values of W, k ' ,  
V, at, e, and b, where 
(A2-71) 
from t h e i r  experimental r e s u l t s  on the i g n i t i o n  of corn- 
s tarch.  They then var ied the  furnace temperature and 
concentrations of f u e l  dus t ,  i n e r t  dus t ,  and oxygen over 
wide ranges, and found an exce l l en t  co r re l a t ion  between 
theory and experiment, 
w e r e  a l s o  v e r i f i e d  experimentally, 
f o r  t he  i g n i t i o n  of d u s t  d i spers ions  ( i n  which i n  actu- 
a l i t y  a c r i t i ca l  temperature i s  calculated)  and the so- 
c a l l e d  measured " i g n i t i o n  temperatures" fu r the r  substan- 
t i a t e s  t he  conclusion reached i n  e a r l i e r  s ec t ions  of t h i s  
appendk tha t  i g n i t i o n  temperatures measured i n  such experi-  
Predict ions of i g n i t i o n  l i m i t s  
The exce l l en t  agreement between t h i s  theory 
ments must be in t e rp re t ed  as c r i t i ca l  temperatures, 
g. Quiescent P i l e  Ign i t i on  According' t o  t he  Theory of 
Anderson and B e l 2  
Anderson and Belz (236)  proposed a q u a l i t a t i v e  
theory of t h e  i g n i t i o n  of quiescent  p i l e s  of  metal powders. 
I n  p a r t i c u l a r ,  they considered t h e  i g n i t i o n  of Z r  i n  02. 
(352 1 
C 
It w a s  assumed t h a t  a spher ica l  m a s s  of powder of radius  
r i s  i n  p e r f e c t  contac t  w i t h  a heat reservoi r  a t  tempera- 
t u r e  To, 
c a l  p a r t i c l e s  of diameter d, 
ment a t  the center  of the  mass i s  g rea t e r  than the  r a t e  
a t  which the hea t  can be t ranspor ted  t o  the container ,  
i g n i t i o n  eventual ly  occurs, Then, the following condi t ion 
i s  necessary t o  igni t ion:  r a t e  of exothermic heat develop- 
ment > r a t e  of hea t  loss ."  Therefore, t h i s  theory i s  a 
discussion of the c r i t i ca l  temperature f o r  a quiescent  
p i l e  experiment, 
was taken a s  
T h i s  spher ica l  mass of powder cons i s t s  of spheri-  
" I f  the rate of hea t  develop- 
The appropriate  reac t ion  r a t e  law f o r  Z r  i n  0 2 
( :A& 7 2) 
where w i s  the increase i n  weight of the metal sample 
per u n i t  area.  The reac t ion  r a t e  per  u n i t  area i s  then: 
(A2-73)  
where a l l  symbols have their  previous meanings, 
uniformly s ized  p a r t i c l e s  i s  6/fd, where f~ i s  the metal 
densi ty ,*  
generation by the center  element a s  
The t o t a l  surface a rea  per  gram of a system of 
Anderson and Belz then wrote the r a t e  of hea t  
'Anderson and Belz erroneously gave t h i s  expression a s  
6/ d5, b u t  apparent ly  used 6/ d i n  their  subsequent ca f cu la t ions ,  t 
(353 1 
where A '  includes a l l  previous constants ,  
The hea t  loss term is  assumed t o  be of the  
form: 
where k i s  the  appropriate  thermal conduct ivi ty  of the 
p a r t i c l e  p lus  void configurat ion,  
i gn i t i on  then becomes: 
The c r i t e r i o n  fo r  
(A2 -76) 
Anderson and B e l 2  noted t h a t  t h i s  expression could not  
be solved f o r  t he  ign i t i on  temperature T i n  terms of 
the ambient temperature To. 
poss ib le  i f  the assumption t h a t  (T - To) i s  equal t o  a 
small constant  value i s  made. Then Eqn. (A2-76) may be 
However, s impl i f ica t ions  a re  
w r i t t e n  : 
o r  
(A2-77) 
Anderson and Belz s t a t e d  t h a t  "var ious in t e r -  
p re t a t ions  of the  t i m e  f ac to r  i n  t h i s  expression a r e  
possible .  
the ex terna l  hea t ing  r a t e ,  then the  expression p red ic t s  
a decrease i n  i g n i t i o n  temperature with hea t ing  r a t e .  
This i s  the experimental case f o r  small samples, In  the  
I f  it is  in t e rp re t ed  a s  an inverse funct ion of 
case of larger samples, the  increase of i g n i t i o n  t e m -  
pera ture  with hea t ing  rate is  a t t r i b u t e d  t o  increased 
l a g  of i n t e r n a l  temperature with respec t  t o  ex te rna l  
temperature. . The expression is  i n  q u a l i t a t i v e  
agreement with the  da ta ,  as  regards p a r t i c l e  s ize ."  
The t rend  predic ted  i s  t h a t  t h e  i g n i t i o n  temperature 
w i l l  decrease with decreasing p a r t i c l e  diameter, d. 
h. Quiescent P i l e  Ign i t i on  According to  the  Theory 
of Tetenbawn, Mishler, and Schnizlein 
Tetenbaum e t  al .  (233) co r re l a t ed  t h e i r  
experimental r e s u l t s  on the  i g n i t i o n  of quiescent  p i l e s  
of U powder i n  O2 on the  basis of the  i g n i t i o n  theory 
of Frank-Kamenetskii. They a l s o  applied an i g n i t i o n  
theory of Murray, Buddery, and Taylor, which w a s  or igin-  
a l l y  developed i n  l i g h t  of  t he  da t a  of Anderson and Belz 
described i n  Section 7 of t h i s  appendix. 
Using the s t a t i o n a r y  homogeneous i g n i t i o n  
theory of Frank-Kamenetskii, which has  been reviewed i n  
d e t a i l  i n  Section 1.a of Chapter 11, Tetenbaum and co- 
workers found exce l l en t  agreement between t h e i r  experi-  
mental r e s u l t s  and i g n i t i o n  temperatures ca lcu la ted  on 
the  basis of Eqn. (11-16) with s = 0.88, t h a t  is ,  f o r  a 
one-dimensional container.  
The agreement between a theory developed f o r  
homogeneous gas-phase systems with r e s u l t s  obtained i n  
a quiescent  p i l e  powder experiment no doubt r e s u l t s  from 
the  homogeneous nature  of t h i s  l a t t e r  experimental con- 
f igu ra t ion ,  t h a t  is, the  small metal p a r t i c l e s  separated 
by spaces f i l l e d  with 02. 
11, Eqn. (11-56) is  the  def ining equation i n  t h i s  theory, 
Again, s ince  a s  shown i n  Chapter 
n (355) 
a c r i t i c a l  temperature has been calculated.  
Tetenbaum e t  a l .  then appl ied a theory due t o  
Murray, Buddery, and Taylor: the physical  b a s i s  of t h i s  
theory i s  questionable,  
and a l l  the hea t  generated by the chemical reac t ion  is  
used t o  increase the  temperature of  the p i l e  of powder. 
Effect ively,  then, the c r i t i c a l  temperature for  t h i s  theo- 
r e t i c a l  model i s  zero, fo r  as long a s  any exothermic re- 
ac t ion  occurs,  the  temperature of the sample w i l l  increase 
u n t i l  i gn i t i on  occurs. 
and co-workers, the r a t e  of hea t ing  due t o  chemical re- 
H e r e  no hea t  l o s ses  a re  included, 
According t o  Murray e t  a l ,  a s  quoted by Tetenbaum 
ac t ion  
regime 
&, 
dt 
of a metal powder i n  the l i n e a r  oxidat ion r a t e  
is: 
Cd 
( A2-79)  
where H is enthalpy, M i s  the m a s s  of the  powder, d i s  
the diameter of a p a r t i c l e  within the powder, and i s  
the densi ty .  If the container  i s  heated a t  the r a t e  
dT/dt = # 8 then the t o t a l  enthalpy generated upon heat- 
ing from 298OK t o  T°K is: 
A l s o  
(A2-81) 
where c i s  the s p e c i f i c  hea t  of the powder and AT i s  the 
P 
(356) 
temperature rise r e s u l t i n g  from reac t ion  upon r a i s i n g  
the  container  temperature from 298OK t o  TOK a t  a rate of 
# OK/min, Thus 
A f t e r  i n t eg ra t ion ,  Eqn, (A2-82)  may be wri t ten:  
(A2 -82) 
where To i s  the  
occurs. AT i s  
container  temperature a t  which i g n i t i o n  
"the d i f f e rence  i n  temperature between 
the  sample and container  a t  ign i t ion ."  
On the  basis of the  da t a  of Anderson and Belz 
obtained with Z r  powder ( 2 3 6 ) ,  Murray and co-workers took 
AT = 50°K. 
ca lcu la ted  i g n i t i o n  temperatures, To, f o r  t h e i r  experi- 
ments from Eqn. (A2 -83). Ag'ain, e x c e l l e n t  agreement 
between theory and experiment w a s  obtained. 
t i o n  between these two theor ies .  C r i t i c a l  temperatures 
are ca lcu la ted  from the theory of Frank-Kamenetskii because 
of the  s t a r t i n g  equation, Eqn. (11-56). Because no hea t  
l o s ses  a r e  involved i n  the  theory of Murray e t  a l . ,  t he  
c r i t i ca l  temperature i s  zero and the  ca lcu la ted  tempera- 
t u r e  may be an i g n i t i o n  temperature, 
Tetenbaum e t  a l .  used t h i s  value of AT and 
A t  f i r s t  s i g h t ,  t he re  i s  an apparent contradic- 
Y e t  temperatures 
'There i s  a typographical e r r o r  i n  the  d e f i n i t i o n  of H i n  
R e f .  (233) 8 i n  which H = N c  AT. Eqn, (A2 -81) above is  
P cor rec t .  
ca lcu la ted  fmm both theories agree extremely w e l l  w i t h  
each o ther  and w i t h  experiment. This could mean tha t  the 
c r i t i ca l  and i g n i t i o n  temperatures are equivalent  i n  this 
p a r t i c u l a r  experiment. 
perature  ca lcu la ted  from the Murray theory i f  an i g n i t i o n  
temperature, and p a r t i c u l a r l y  the i g n i t i o n  temperature as 
defined i n  the physical  model of metal ign i t ion .  Secondly, 
i n  t h i s  theory,  i g n i t i o n  is  regarded t o  occur when t h e  amount 
of sample self-heat ing over the container temperature, 
A T, i s  equal t o  50°K. 
on t h e  basis of r e s u l t s  of Anderson and Belz. 
F i r s t l y ,  however, it is  not  clear tha t  the  t e m -  
This value,  however, w a s  estimated 
It w a s  shown i n  the previous sec t ions  of this 
chapter that  these l a t t e r  inves t iga to r s  most l i k e l y  
measured c r i t i ca l  temperatures rather than i g n i t i o n  temper- 
a tures .  Thus the agreement of the  Murray and Frank-Kamenetskii 
theor ies  is  no t  fo r tu i tous ,  because the choice of d T = 5OoK 
w a s  based on c r i t i ca l  temperature data. 
APPENDIX III-THE COMBUSTION OF MAGNESIUM AND ALUMINUM 
I N  WATER VAPOR MIXrZTRES 
The combustion of M g  ribbons and anodized 
A 1  w i r e s  i n  various H 2 0  mixtures, as observed i n  the  
wire-burning apparatus, i s  described i n  t h i s  sect ion.  
D e t a i l s  o f  t h e  apparatus a r e  given i n  Chapter V, and 
the  tes t  p o i n t s  of  i n t e r e s t  and descr ip t ions  of t he  
i g n i t i o n  c h a r a c t e r i s t i c s  are given i n  Chapter V I .  
1. Magnesium 
In  H20-02 mixtures, a s  mentioned i n  Chapter 
V I ,  Mg ribbons genera l ly  ign i t ed  before  they broke. 
The i g n i t i o n  and combustion flames appeared t o  be white. 
Burning rates w e r e  extremely rapid,  as the  approximate- 
l y  9 e m  length  of ribbon exposed t o  the  atmosphere was 
e n t i r e l y  consumed i n  less than one second. Flame 
spec t ra  revealed no s i g n i f i c a n t  d i f fe rence  from the 
previously obtained Mg i n  02-Ar spectrum (7 ,  9 ) .  
A f t e r  an experiment, a g r e a t  dea l  of grey- 
white smoke was found on the e lec t rode  blocks and on 
the  top of the  chamber. The only recoverable products 
2 of combustion w e r e  a few white f l akes  of seve ra l  mm 
area.  
I n  H 0 - A r  mixtures i g n i t i o n  a l s o  occurred be- 
fore  the  r ibbon ' s  breaking. Beaut i fu l ly  colored vapor- 
phase flames w e r e  observed, usua l ly  e i t h e r  blue,  green, 
o r  purple ,  o r  combinations of these.  However, these 
flames w e r e  extremely dim. 
2 
Burning t i m e s  w e r e  longer than i n  H20-02 mix- 
t u r e s ;  i n  p a r t i c u l a r ,  a t ,  and only a t  50%H20-50%?ir and 
a t o t a l  pressure of 100 t o r r ,  t h e  burning p e r s i s t e d  f o r  
(359) 
10 t o  15 sec. These flames w e r e  observed to  c o n s i s t  
of two colored zones, the  inner  of which w a s  blue- 
green (perhaps d i s c r e t e  r ad ia t ion  f r o m  MgO (269)) ,  and 
the  outer  purple  (perhaps Mg'OH (269) ) . The long burn- 
ing' t i m e  occurred under these condi t ions each t i m e  
t h a t  the  sample w a s  successfu l ly  igni ted.  No explana- 
t i o n  can be of fered  f o r  t h i s  abnormally long burning 
t i m e  a t  t h i s  p a r t i c u l a r  t es t  poin t ,  
revealed only the  N a  D l i n e s  and complex bands i n  the  
3700-3900 A region which are due t o  e i t h e r  (MgO), o r  
Mg'OH (269)- The dimness of the  flames w a s  such t h a t  
only poor s p e c t r a l  p l a t e s  could be obtained; thus 
d e f i n i t e  i d e n t i f i c a t i o n  w a s  d i f f i c u l t .  
Flame spec t ra  obtained a t  t h i s  test  po in t  
0 
The products of combustion i n  H20-Ar mixtures 
consis ted of l a rge  white f l akes  which resembled the  
o r i g i n a l  ribbon shape. White smoke w a s  a l s o  found. 
On those few occasions i n  the  H20-CO mix- 2 
t u r e s  when i g n i t i o n  occurred, the  flames w e r e  of s h o r t  
durat ion and resembled the  H20-Ar flames. Black areas  
w e r e  p resent  on the  l a r g e  white f l akes ,  b u t  the  products 
of combustion i n  a l l  the  gas mixtures s tudied consis ted 
only of MgO, as determined by X-ray d i f f r a c t i o n ,  1 
I n  a11 the  gas compositions, on these  experi- 
ments a t  which i g n i t i o n  d i d  not occur, the  ribbon was 
twisted and blackened near i t s  center  where it had broken, 
A green spark, which may have been an e l e c t r i c a l  e f f e c t ,  
was seen when the  ribbon broke. 
2. Aluminum 
A s  w a s  discussed i n  Chapter V I ,  unanodized A1 
'The author wishes t o  acknowledge the a s s i s t ance  given 
i n  the  X-ray d i f f r a c t i o n  analyses by M r ,  Edward Lyden 
of Princeton University,  Department of Geology. 
( 3 6 0 )  
w i r e s  could not  be ign i t ed  i n  any of the  w e t  gas mix- 
t u r e s  which w e r e  studied: thus the  descr ip t ion  of  the  
combustion mechanisms a s  given i n  the  present  sec t ion  
p e r t a i n s  only t o  the  anodized w i r e s ,  
the  breaking of the w i r e .  Two types of combustion 
mechanisms w e r e  observed, depending on the  t o t a l  pres- 
sure.  A t  50 t o r r ,  l a rge  blue vapor-phase flames w e r e  
observed a t  t he  ends of the  w i r e .  These flames general ly  
regressed up the  w i r e  slowly and s t a b i l i z e d  a t  a po in t  
a t  which the  r a t e  of hea t  generation by the  flame equaled 
the  r a t e  of hea t  l o s s  by conduction along the w i r e  i n t o  
the  e lec t rode  blocks. Burning t i m e s  w e r e  t y p i c a l l y  on 
the  order of  severa l  sec, The flames and recoverable 
products of combustion resembled those found by Brzustowski 
a t  l o w  pressures  i n  02-Ar mixtures, denoted a s  Reg'ion 
3 (7 ,  9 ) ,  and by Mellor a t  low pressures  i n  02-C02 mix- 
tu re s ,  denoted a s  Regions 5 and 6 (19, 2 0 ) .  
In  H20-02 mixtures, igni t ion,  occurred upon 
Similar flames w e r e  a l s o  observed by Brzustowski 
and Glassman i n  H20-02 mixtures a t  a t o t a l  pressure of 
50 t o r r  and a r e  described i n  Ref. (270) . 
A t  t o t a l  pressures  of 100 or  200 t o r r  i n  
H20-02 mixtures a d i f f e r e n t  type of combustion followed 
i g n i t i o n  upon the breaking of the w i r e ,  In t h i s  case,  
t he  w i r e  was rap id ly  consumed by a white flame, which 
appeared a t  the  exposed ends of the w i r e  and regressed 
completely t o  the  e lec t rode  blocks. 
t i m e s  w e r e  on the order of l/2 sec, 
combustion consis ted of  hard white spheres,  m o s t  l i k e l y  
composed of a - A 1 2 0 3  . A s imi l a r  mechanism was ob- 
served by Brzustowski i n  02-Ar  mixtures a t  higher pres- 
sures  and was designated a s  Region 2 (7 ,  9 ) .  
Typical burning 
The products of 
In  H20-Ar and H 0-C02 mixtures, i g n i t i o n  2 
occurred i n  the  form of a c y l i n d r i c a l  vapor-phase flame 
before  the  w i r e  broke, as discussed i n  Chapter V I .  
these gas mixtures, dim vapor-phase flames p e r s i s t e d  ’ 
f o r  t i m e s  as long a s  5 t o  10 sec. The burning t i m e  
a f t e r  the  breaking of the  w i r e  w a s  observed t o  decrease 
with increas ing  pressure.  
the  neighborhood of t h a t  p a r t  of the  w i r e  a t  which the  
flame had occurred, the  w i r e  surface w a s  observed t o  
be roughened and covered i n  p laces  with a white de- 
p o s i t .  
anodized A 1  wires exhib i ted  combustion c h a r a c t e r i s t i c s  
exac t ly  similar t o  t h a t  observed i n  C02-Ar mixtures 
over a comparable pressure range, denoted previously 
a s  Reg,ion 1 i n  t h i s  l a t t e r  case (19, 2 0 ) .  
mixtures and presented one major d i f fe rence  between 
these flames and those found i n  t he  o ther  ox id izers  
s tudied earlier.  Pos i t i ve  i d e n t i f i c a t i o n  of A1H band- 
heads a t  4241.0 and 4259.5 A was made, This species  
w a s  observed i n  emission. Its presence ind ica ted  t h a t  
the  presence of H20 may a f f e c t  the  chemical mechanism 
of the flame, unl ike the  presence of C02 (19, 2 0 ) .  
A f t e r  the  breaking of the w i r e  i n  e i t h e r  of 
After  the  termination of an experiment, i n  
In  general ,  i n  H20-Ar and H20-C02 mixtures, 
Flame spec t ra  w e r e  obtained only i n  H20-Ar 
0 
3 ,  Summary 
Comparison of the combustion of Mg ribbons 
and anodized A 1  w i r e s  i n  H20-02 mixtures over the  pres- 
sure  range from 50 t o  200 torr  with t h a t  i n  02-Ar  mix- 
t u r e s  (7,  9) i nd ica t e s  t h a t  H 2 0  a f f e c t s  the  chemical 
mechanisms proceding wi th in  the  flame, 
s o m e w h a t  f a s t e r  burning rates a r e  observed i n  the  former 
In  general ,  
oxid izer ,  M o s t  l i k e l y  the formation of H and OH radicals 
i s  responsible f o r  t h i s  r a t e  increase,  
served co lo r s  ind ica te  t h a t  new chemical processes are 
occurr ing i n  the  flame, and these  flames warrant fu r the r  
study . 
H20-Ar and H20-C02 mixtures i n  a manner which w a s  general- 
l y  s i m i l a r  t o  t h a t  i n  C02-Ar atmospheres (19, 20) .  How- 
ever ,  one i n t e r e s t i n g  d i f fe rence  w a s  noted. I n  those 
mixtures containing C02, there appeared t o  be more oxide 
smoke formation i n  the f l a m e ,  t h a t  i s ,  the o u t e r  edge 
of the flame w a s  more well-defined, This observation 
may be explained by the presence of C p a r t i c l e s  i n  the 
flame zone i n  mixtures containing C02;  these p a r t i c l e s  
would then provide nucleat ion sites fo r  the condensation 
of the metal smoke. 
For M g  ribbons i n  H20-Ar mixtures, the ob- 
Anodized A 1  w i r e s  w e r e  observed t o  burn i n  
To summarize, because the study of the ig-ni- 
t i o n  of M g  and A 1  i n  atmospheres containing H 2 0  w a s  of 
paramount i n t e r e s t  i n  the present  i nves t iga t ion ,  only 
cursory observations on the combustion w e r e  made. How- 
ever ,  the experimental r e s u l t s  i nd ica t e  t ha t  s o m e  d i f -  
ferences are present  between the combustion i n  H 2 0  con- 
t a i n i n g  oxid izers  and i n  0 2 - A r  and C02-Ar mixtures and 
deserve f u r t h e r  study. 
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